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ABSTRACT 
 
 Strain-induced self-rolled-up semiconductor nanotubes are a new type of building block for 
three-dimensional architectures. Semiconductor nanotubes (SNTs) take advantage of the lattice 
mismatch between different layers and are formed when the strained semiconductor layers are 
released from the substrate by selective etching of the sacrificial layer. They are produced by a 
combination of “top-down” and “bottom-up” approaches, using the epitaxial growth of strained 
films and conventional fabrication processes such as lithography and wet/dry etching. Taking 
advantage of “bottom-up” approaches, nanoscale objects can be achieved; by using a “top-down” 
approach, their positions can be precisely controlled, and it is possible to form a large-area 
assembly of ordered tubes. 
 Tube diameter is determined by the thickness and amount of misfit strain which is 
accommodated in epitaxial films and can vary from a few nanometers to tens of microns. The 
shapes of three-dimensional (3D) structures are determined by the crystal orientation of the 
defined mesa patterns, and they can be formed as 3D tubular structures, helices, or just curved 
structure. The tube wall consists of compound semiconductor materials such as GaAs, AlxGa1-
xAs, and InxGa1-xAs and therefore it forms a heterostructure. As a result, optical gain media such 
as quantum wells and quantum dots can be embedded in the tube wall and these semiconductor 
tubes have potential for application as optoelectronic devices.  
 In this dissertation, metal-organic chemical vapor deposition (MOCVD) has been used to 
grow epitaxial layers. Variation of tube diameter, which depends on the thickness of layers and 
the amount of In content in the InxGa1-xAs layer, and the orientation dependence of tube 
formation were systematically investigated. The precise controllability of structural and spatial 
positioning of tubes has been achieved by understanding effects of geometry on tube formation, 
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and perfectly ordered large arrays of tubes were realized. Also, GaAs quantum wells and InAs 
quantum dots have been embedded in the tube wall, and their optical properties were studied, 
using the micro-PL system. In rolled-up tube structures, strain plays a significant role in 
engineering the band structure, and therefore peak positions in the photoluminescence spectrum 
can be tuned continuously as a function of tube curvature and were experimentally investigated.    
 By taking advantage of strain relaxation of the strained films, different types of tubes are 
formed. SiN tubes, consisting of a compressively and tensile strained bilayer and tubes that were 
functionalized with different metals have been demonstrated.  These tubes are used for the 
fabrication of high density carbon nanotubes and biosensor application using the micro-Raman 
system.   
 Chapter 1 presents a brief overview of a new tubular architecture that is formed by self-
rolling of the strained semiconductor films and describes the formation mechanism of SNTs. 
 Chapter 2 outlines fabrication techniques to produce strain-induced self-rolled-up tubes. 
Epitaxial growth using a MOCVD reactor and two fabrication methods using wet or dry etching 
techniques will be discussed.  
 Chapter 3 demonstrates the formation method, process, and dependence on the crystal 
orientation and rolling direction of the strained thin membranes. Also, the geometry effect on the 
rolling behavior of the strained membrane will be discussed. 
Chapter 4 presents the optical properties of GaAs quantum well tubes. Optical properties of 
microtubes where the GaAs quantum well is embedded in the tube wall as the optical gain 
medium will be studied using the photoluminescence measurement system. 
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Chapter 5 demonstrates several types of hybrid tubes. Metal/semiconductor, silicon nitride, 
and metal/silicon nitride tubes will be demonstrated. These different types of tubes can be 
implemented for a variety of applications and utilized for different purposes.  
Chapter 6 shows the preliminary results of SNT applications. SNTs can be utilized for 
realizing high density ordered arrays of single-wall nanotubes and micro/nano-fluidic channels, 
by taking advantage of the unique property of the scrolled-up tubular structure which can serve 
as a rolling vehicle.  
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CHAPTER 1 - INTRODUCTION 
1.1 Introduction of III-V semiconductor micro/nanotubes 
Three-dimensional (3D) micro- and nanostructures have been attracting great interest since 
they are essential to realize micro/nano-electro-mechanical systems (MEMS/NEMS) and devices. 
As the feature of 3D structures scale down to nanometer size, the conventional planar processing 
techniques, which are utilized for silicon integrated circuit (IC) technology and MEMS, are no 
longer suitable for fabricating the 3D nanostructures, which require precise control of their 
position and size.   
Several methods have been proposed to achieve precisely controlled 3D nanostructures: 
focused electron beam [1] and focused electron-beam-induced deposition (FEBID) [2]. They are 
promising techniques for maskless nanofabrication due to their high resolution. However, 
process speed becomes quite slow using these approaches, so they may not be applicable for 
batch nanofabrication. 
III-V compound semiconductor nanotubes (SNTs) and nanohelices, a new paradigm, were 
first fabricated by Prinz et al. in 2000, using strain-induced self-rolling of semiconductor bilayers 
grown by molecular beam epitaxy (MBE) [3]. In contrast to the “bottom-up” and “top-down” 
fabrication approaches for other nanotechnologies, the formation of self-rolling SNTs exploits 
both. The bottom-up approach is growth of the pseudomorphically strained epitaxial films with 
desired composition and thickness using metal-organic chemical vapor deposition (MOCVD) or 
MBE. Tube diameter and wall width are given by the film thickness and by the incorporated 
strain, and tube diameter could be varied from a few nanometers to a few tens of microns with 
nanometer precision. The top-down approach is the definition of the mesa patterns to expose 
sidewalls of the epitaxial film for lateral selective etching of a sacrificial layer in order to release 
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the strained layers from the substrate. These predefined mesa patterns determine the tube 
location, orientation, and dimension (length, width, and number of rotations). As a result, self-
rolling tubular micro/nanostructures can be assembled in large arrays with uniform diameters and 
precise controllability of their positions through conventional lithographic techniques [4].  
Potential applications have been envisioned and demonstrated. For example, SNTs can be 
utilized for systems for novel MEMS/NEMS [5], micro/nano-needles and ink-jet printing [6], 
magnetic conductors using ferromagnetic material [7], fluidics [8], and biology [9].           
Tube structures can be formed not only from a simple strained bilayer such as InxGa1-x- 
As/GaAs [10] and Si1-xGex/ Si [11] but also from structures that include active optical gain media 
such as quantum wells (QWs) and quantum dots (QDs), provided there is enough rolling 
momentum from the built-in strain in the epitaxial film and the total thickness of the structure is 
below the critical thickness above which the misfit dislocation is generated [12, 13]. These 
rolled-up tubes where the active optical gain media are incorporated can serve as optical 
microring resonators, taking advantage of their tubular structures. Optical microring resonators, 
confining light to circulate in tight bends via the whispering gallery effect, have manifested 
themselves to be ideal candidates for applications including optical signal processing and 
biosensing  [14-16]. Conventional methods to fabricate resonant optical microcavities of various 
shapes and dimensions mostly involve multi-level lithography and dry etching. Micro-disks, 
tortoids, rings, etc., both passive and active cavities with resonance frequencies in visible and IR 
wavelength, have been demonstrated to have super-high quality factors and extremely fine 
spectral resolution  [15]. Common issues with the fabrication process, however, include sidewall 
roughness due to dry etching associated ion damage, limited capability of realizing active 
microcavities of desired dimensions, and challenges in structure designs for mode overlaps, as 
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well as uniformity and precision for coupled arrays. Strain-induced self-rolled-up tubular 
structures have been demonstrated to be effective microcavities, bearing optical resonant modes 
in the visible and infrared range  [17-20]. The tube walls can be epitaxially smooth. The active 
media epitaxially incorporated in the tube wall naturally overlaps with the maximum optical field 
intensity. Therefore, rolled-up semiconductor tubes possess a wide range of functionalities and 
potential for photonics, optoelectronics, plasmonics, and sensing [14]. Several reviews have been 
published on the fabrication process as well as optical characteristics of the formed cavities  [5, 
14, 21-27].   
1.2 Self-rolling mechanism of the strained films 
Strain-induced self-rolled-up tubes are formed through the strain relaxation after releasing 
pseudomorphically strained epitaxial films from the substrate. The basic concept of the rolling 
mechanism of a SNT is illustrated in Figure 1.1. A bilayer consisting of thin InxGa1-xAs and 
GaAs films and an AlAs sacrificial layer is grown on a GaAs substrate, using MOCVD or MBE. 
The InxGa1-xAs has a larger lattice constant than the GaAs substrate, and its lattice constant 
varies linearly with In-concentration (x). The InxGa1-xAs layer on GaAs substrate is 
compressively strained when pseudomorphically grown on the substrate, and the top GaAs layer 
has no strain due to the exact lattice matching to the substrate (Figure 1.1a). When the strained 
bilayers of InxGa1-xAs/GaAs are detached from the substrate by the selective etching of the AlAs 
sacrificial layer, the compressively strained InxGa1-xAs has the tendency to expand to its original 
lattice constant with force F1 as shown in Figure 1.1b. However, the GaAs layer on top resists the 
expansion to maintain its lattice constant with force F2. As a result, these two opposite forces (F1 
and F2) in the bilayers give rise to a bending momentum driving the planar membrane to form 
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3D tubular structures in order to accommodate the relative strain within the InxGa1-xAs/GaAs 
bilayer (Figure 1.1b).  
 
Figure 1.1: The formation mechanism of strain-induced self-rolling of semiconductor 
micro/nanotubes. Schematic illustration of the epitaxial growth of GaAs, InxGa1-xAs, and AlAs 
layers (a) and rolling behavior of pseudomrophically grown epitaxial films by selectively 
removing the AlAs sacrificial layer (b). 
 
There are two essential components in strain-induced self-rolling structures. One is a 
sacrificial layer that can be selectively etched off from the layers above it and the substrate. 
Another is the strained layers above the sacrificial layer that are relatively strained from each 
other or a single material with the strain gradient [28]. The stack of strained layers above a 
sacrificial layer is the moving part which is powered by strain relaxation. Epitaxial growth 
determines the built-in strain and the total thickness of the layers, and lithographic process 
controls the length, position, and shape of the final 3D micro/nanostructure. This concept should 
apply to all pseudomrophically grown epitaxial material system as long as the two essential 
components are present. In addition, this stack of strained layers can act as the rolling vehicle to 
generate various other types of 3D hybrid architectures by depositing metal, polymer, or oxide 
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on the top of it. InxGa1-xAs/GaAs/self-assembled monolayers (SAM) [29], SiGe/SiOx/Ti [30] 
and SiGe/Si/SiN/Cr [31] have been demonstrated. 
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CHAPTER 2 - FABRICATION 
2.1 Epitaxial growth of the strained bilayers 
All epitaxial growth of strained bilayers for the study of the strain-induced self-rolling 
behaviors was carried out using a Thomas Swan, vertical chamber, atmospheric pressure metal-
organic chemical vapor deposition (MOCVD) reactor. Trimethylgallium (TMGa), trimetyl-
aluminum (TMAl), trimetylindium (TMIn), and AsH3 were metal-organic precursors for Ga, Al, 
In, and As, respectively.  
The basic structure of arsenide (As) based bilayers is GaAs (buffer layer)/AlxGa1-xAs 
(sacrificial layer)/InxGa1-xAs/GaAs (top), which is grown on a semi-insulating (SI) or n-type 
(100)-oriented GaAs substrate after desorbing the GaAs native oxide at 800 °C. To investigate 
the accurate thickness, composition, and defects of each layer, scanning transmission electron 
microscopy (STEM), transmission electron microscopy (TEM), and energy dispersive 
spectroscopy (EDS) were used. Figure 2.1 shows the schematic of the cross sections of planar 
epitaxial structure for strain-induced tube formation (a) and the high resolution of STEM/TEM 
image with the thickness of each layer (b). The buffer layer is simply embedded to provide a 
high quality of surface, preventing defects at the GaAs/AlxGa1-xAs interface from propagating 
upward into epilayers. The growth temperature for the GaAs of a buffer layer and AlxGa1-xAs of 
sacrificial layer was 800 °C and for InxGa1-xAs/GaAs bilayers was 625 °C to prevent the 
desorption of In. High composition of AlxGa1-xAs (x > 0.6) is commonly used as sacrificial 
layers and an InxGa1-xAs layer which has larger lattice constant than GaAs should to be grown 
below the critical thickness above which misfit dislocations are generated to minimize the built-
in strain energy. This critical thickness of the InxGa1-xAs layer varies with indium (In) 
composition and decreases with increase of In composition. The high-resolution TEM (inset) 
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image in Figure 2.1b shows no misfit dislocation at the interface between 5.8nm-thick 
In0.2Ga0.8As and 5.2nm-thick GaAs layers, and lattice constants of all layers perfectly match that 
of the GaAs substrate. 
 
Figure 2.1: (a) The schematic of the cross-section of planar epitaxial structure for strain-induced 
tube formation and (b) high-resolution STEM image of the In0.2Ga0.8As/GaAs bilayers, obtained 
using JEOL 2010F STEM. The inset is a high resolution of the bright field TEM image. 
 
2.2 Fabrication process 
The sample is spincoated with hexamethyldisilizane (HMDS) which is used as an adhesion 
promoter, followed by spincoating of AZ-5214 photoresist (PR). After a PR coating, it is baked 
at 110 °C for 60 s to remove the solvent in PR. The sample is then exposed to ultra-violet (UV) 
using a Karl Suss MJB3 contact mask aligner. Developing is then performed, using AZ-327 
tetramethyl-ammonium-hydroxide (TMAH) developer solution.   
The fabrication step to transfer the PR pattern down to the sacrificial layer can be carried 
with two different methods; dry etching and wet etching techniques. Both techniques could be 
utilized for the fabrication of micro/nanotubes but dry etching should be preferred for the small 
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feature size of patterns due to the vertical shape of sidewalls. Undercutting underneath the PR 
mask occurs due to the isotropic etching of the sidewall by using wet chemical etching.  
The process flow of the dry etching of the InGaAs/GaAs bilayer structure before the 
AlGaAs sacrificial layer is removed is illustrated in Figure 2.2. 50 nm of SiO2 is deposited on the 
top surface of the sample using a plasma enhanced chemical vapor deposition (PECVD) system. 
Photolithography patterning is performed and then the PR pattern is transferred to SiO2 using a 
freon (CF4) reactive ion etching (RIE) system.  Freon (CF4) RIE etching rate is 230 Å/min under 
the condition of 60 sccm of CF flow, 35 m Torr of working pressure and 90 W of RF power. 
After RIE etching for 150 s, PR is removed in acetone for 3 minutes. The sample is then returned 
to an inductive coupled plasma (ICP) RIE chamber to transfer the SiO2 pattern to the epitaxial 
structure down to the sacrificial layer AlxGa1-xAs layer. Silicon tetrachloride (SiCl4) and argon 
(Ar) are used as etching gases for the GaAs, InGaAs, and AlGaAs layers and etching is 
performed for 1 minute at 25 °C under the condition of 2 sccm of SiCl4 flow, 10 sccm of Ar flow, 
2 m torr of working pressure, 40 W of RF1 power and 110 W of RF2 power. In this condition, 
etch rate is 100 nm/min.   
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Figure 2.2: Schematic of the process flow of dry etching of the InGaAs/GaAs bilayer structure 
before the AlGaAs sacrificial layer is removed.   
 
Using the wet etching technique, photolithographic patterning is done directly on the 
epitaxial structure and then wet chemical etching (H2SO4:H2O2:H2O=1:8:80) is carried out for 15 
s to transfer the PR pattern down to the AlGaAs sacrificial layer.  The PR is then removed in 
acetone for sufficient time and moved to the HF etching solution with minimum exposure to the 
air to prevent the exposed AlGaAs layer from being oxidized. An illustration of the wet etching 
process of InGaAs/GaAs bilayer structure is presented in Figure 2.3 
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Figure 2.3: Schematic of the process flow of wet etching of InGaAs/GaAs bilayer structure 
before the AlGaAs sacrificial layer is removed. 
 
Once the patterns were defined and all four sides of the sacrificial layer are exposed, a timed 
etching using 1:1 HF:H2O is performed to laterally remove AlxGa1-xAs (x > 0.6) and release the 
bilayer from the substrate for rolling. Various concentrations of HF, which is diluted with 
deionized water (DI), are used to control the etching speed of a sacrificial layer and thus rolling 
speed of the strained membrane. The SiO2 mask after dry etching of the sample is removed in HF 
solution and care should be taken to ensure that the PR is removed and does not inhibit the 
etching of AlxGa1-xAs after wet chemical etching (H2SO4:H2O2:H2O=1:8:80). After etching of a 
sacrificial layer in HF solution, the sample should be rinsed with DI water. It needs to be put on 
the bottom of the DI rinse beaker gently and is left for 10 minutes without stirring to avoid 
disordering of the array of the tube. Then the second rinse using methanol is carried out in the 
same way as the first rinse in DI water. Methanol is used for the last step of a rinse to prevent the 
tubes from collapsing during the evaporation of the rinsing solution because it has the low 
surface tension (0.0227 N/m at 25 °C), compared to water (0.0728 N/m at 25 °C) [19]. After 
rinsing sample in DI water and methanol for 10 minutes, it is moved onto the hot plate (set to 
80 °C) to quickly evaporate methanol, which helps prevent methanol residue. The process flow 
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of the sacrificial etching in HF solution and rinsing in DI water and methanol is illustrated in 
Figure 2.4. 
 
Figure 2.4: The process flow of the sacrificial etching in HF solution and rinsing in DI water and 
methanol. 
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CHAPTER 3 - STRUCTURAL PROPERTIES 
3.1 Strain direction dependence in SNT formation process 
Figure 1.1 (page 4) and Figure 3.1 show the schematic of the planar structure which has the 
compressively strained layer of InxGa1-xAs underneath the unstrained GaAs layer. According to 
the mechanism illustrated in Figure 1.1, the strained bilayer should curl up when detached from 
the substrate by selective etching of a sacrificial layer and was demonstrated in Figure 3.1b.  
 
Figure 3.1: (a) Schematic of the cross sections of the planar epitaxial structure for upward rolling, 
(b) SEM image of upward rolling, (c) multi-turn tubes. 
 
It can be inferred that if the strain direction is reversed, e.g. when the compressively strained 
layer is placed on top of the unstrained or the tensile strained one in the planar structure, the 
rolling direction should go downward. This has been demonstrated in a structure where 
In0.2Ga0.8As is grown on the top and GaAs on the bottom of the bilayer, as shown in Figure 3.2b. 
Therefore, rolling direction depends on the position of the compressively strained layer in the 
strained films.  Multi-turn tubes can also be achieved using both structures (Figure 3.1c and 3.2c), 
provided the width of the mesa patterns is larger than the circumference of the tubes. Inverted 
rolling has been demonstrated for other types of semiconductor tubes made of strained Si [28].   
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Figure 3.2: (a) Schematic of the cross sections of the planar epitaxial structure for downward 
rolling, (b) SEM image of downward rolling, (c) multi-turn tubes. 
 
The demonstration of inverted InxGa1-xAs-GaAs tubes is important for functionalizing a top 
surface - inside or outside of tubes. The top surface becomes an inside of the tube surface in the 
rolled-up tube. In inverted tubes, on the other hand, it becomes an outside of the tube. Once the 
top surface gets functionalized, it can go inside or outside, depending on the relative positions of 
the strained layers. In addition, inverted tubes are important for ones with active structures such 
as quantum wells. In contrast to growing the active structure on top of a strained InxGa1-xAs layer, 
an entire device structure can be grown free of strain before the deposition of the strained InxGa1-
-xAs layer.    
3.2 Crystal orientation dependence in SNT formation 
To realize a large-area of fabrication with high uniformity in diameter, shape, and 
orientation of the individual tubes, factors affecting the rolling behavior must be investigated and 
controlled carefully. Since tubes are made of epitaxially grown single crystal films, rolling 
behavior of the strained membrane is dependent on its crystal orientation. To systematically 
investigate the orientation dependence of the nantube formation, a wheel pattern was designed 
using a Lasi7 mask design program, as shown in Figure 3.3. 
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Figure 3.3: The wheel mask design pattern used to investigate the orientation dependence of 
nanotube formation. (a) A mask design of an anchored rectangular strip which has the fixed 
length (25 µm), four different sizes of width (w) (5, 10, 15, 20 µm) and two 5-µm-wide anchors. 
(b) The wheel pattern array with four different sizes of anchored rectangular stripes which are 
oriented along <110> and <100> directions.    
 
Figure 3.3a shows a mask design of an anchored rectangular strip which has a 25-µm-length 
and four different widths (w) (5, 10, 15, 20 µm) for multiple rolling of the strained membrane 
and two 5-µm-wide anchors. A wheel pattern consists of eight anchored rectangular stripes 
which are placed symmetrically along <100> and <110>. 
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Shown in Figure 3.4a is a lithographically patterned In0.3Ga0.7As/GaAs film with the wheel 
configuration before undergoing etching to release the bilayer from the substrate. The result of 
an In0.3Ga0.7As/GaAs bilayer released from the (001) GaAs substrate is shown in Figure 3.4b. 
The center image shows all pads around the wheel while the zoomed-in images for each pad are 
laid out in the outer periphery. It can be seen that tubes are formed from all pads along the < l00> 
direction (diagonal lines of the wheel, as pointed by blue arrows). In contrast, for the four pads 
oriented along the <110> direction (x-y axes of the wheel, as pointed by orange arrows), rolling 
still occurs in the <100> rolling directions, which are along the corners of the free edges from 
these pads and thus “turn-over” triangular patterns are formed. 
It has been clearly proved that the <001> direction is the preferred rolling direction, and this 
results from Young’s modulus (E) anisotropy in cubic crystals [32-35]. Young’s modulus (E) is a 
material property which describes the stiffness of an elastic material and is defined as the ratio of 
normal stress (σ) over the linear strain (ε), provided the stress is less than the yield strength of the 
material.  Young’s modulus is given by 
E ≡ uniaxial	stressuniaxial	strain ൌ
σ
ε ൌ
F A଴ൗ∆L L଴ൗ
ൌ FL଴A଴∆L (3.1)
where E is Young's modulus (modulus of elasticity), F is the force exerted on an object under 
tension, A0 is the original cross-sectional area through which the force is applied, ΔL is the 
amount by which the length of the object changes, and L0 is the original length of the object [36].   
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Figure 3.4: (a) SEM image before etching of lithographically patterned In0.3Ga0.7As/GaAs film 
grown on (100) GaAs substrate with a wheel of anchored rectangular stripe patterns. Crystal 
orientations are labeled. (b) SEM images after etching of the wheel pattern with higher 
magnification images of each pad shown at the side. 
 
The values of Young’s modulus, depending on different semiconductors and their crystal 
orientation, are summarized in Table 3.1. For GaAS, Young’s modulus in the <100> direction is 
85.3 GPa, while it is 121.3 GPa in the <110> direction [20, 24]. For Si, Young’s modulus along 
the <100> and <110> directions are 130 GPa and 168.9 GPa, respectively [34, 37].  
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Table 3.1. Summary of Young’s modulus values (unit: GPa) [37] 
 
The minimum Young’s modulus is in the <001> direction while the maximum value is in 
the <111> direction for all common cubic semiconductor crystals. Theoretical calculation using 
continuum strain theory shows that the preferred winding direction is the <100> direction for the 
(100) substrate [25]. For the (110) substrate, the easy rolling direction is <110> [31]. It is evident 
that deviation from the <100> rolling direction would lead to a twist of rolling, thus 
nonuniformity in diameter. As shown in Figure 3.5, arrays of narrow stripes of Si0.6Ge0.4/Si/Cr 
(10/7/20 nm) which are oriented along [011] and [-112] formed arrays of spirals on Si (100) and 
(110) substrate, respectively, [31] and the square pattern oriented along <110> formed a flower 
pedal-like shape [10].  
 
Figure 3.5: SEM images of arrays of spirals of Si0.6Ge0.4/Si/Cr (10/7/20 nm) on (a) (100) Si and 
(b) (110) Si substrate [18] and (c) a flower pedal-like shape from a stripe orientated in the <110> 
direction [10].  
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As a result, crystal anisotropy in elasticity and different shapes of lithographic patterns can 
be employed to roll up, bend over, and twist up membranes to form MEMS/NEMS structures 
and sophisticated 3D architectures.       
3.3 SNT formation process - Etching time dependence 
In order to investigate the intermediate rolling behavior of tubes, the formation process has 
been monitored in real time as a function of sacrificial layer etching time for In0.2Ga0.8As/GaAs 
bilayer tubes. The 5 µm x 10 µm dimension of the stripe pattern orientated along the <100> 
direction was used, and the Al composition of AlxGa1-xAs of a sacrificial layer was 60% (x = 0.6) 
for better control of the etching rate. The etching was carried out with the diluted HF (1:5=HF:DI 
water). Figure 3.6 presents a series of SEM images showing the shape evolution of a patterned 
stripe as the sacrificial layer is removed selectively; etching time is indicated on each snapshot.  
When the strained bilayer begins to be released from the substrate, all four edges start to roll up 
in the [001] and [010] directions because of the equivalent crystal orientation, and they were 
observed after 15 min etching of a sacrificial layer (Figure 3.6a). As the selective etching 
proceeds and more of the bilayer gets free from the substrate, the upward rolling continues for 
the longer edges, while the shorter edges flatten to allow room for the upward curvature of the 
longer edge (Figure 3.6b, after 20 min etching of the sacrificial layer). Further undercutting leads 
to the complete rolling of the longer edge, and a tube whose diameter is 884 nm is formed, as 
shown in Figure. 3.6c.    
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Figure 3.6: SEM images of the nanotube formation process from rectangular stripes (5 µm x 10 
µm). (a) Initial stage (after 15min etching of the sacrificial layer) where all four sides are rolling 
up. (b) As etching proceeds, shorter sides flatten and longer ones continue to roll (after 20 min 
etching of the sacrificial layer). (c) The completion of rolling (after 25 min etching of the 
sacrificial layer). The longer edge of the rectangle is oriented in the <100> direction and the tube 
diameter is measured to be 884 nm. 
 
During the tube formation process, it was observed that the longer edge continued to roll up, 
while the shorter edge flattened as the etching of the sacrificial layer proceeds. In order to 
investigate the rolling direction depending on the ratio between a length and a width of the 
membrane, an array of rectangle stripe patterns with one side being 5 µm in length and the other 
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side varied from 3 µm to 10 µm is designed (Figure. 3.7b). For samples, two different structures, 
In0.2Ga0.8As (6 nm)/GaAs (6 nm, top layer) and GaAs (6 nm)/In0.2Ga0.8As (6 nm, top layer), were 
used for upward rolling and downward rolling, respectively (Figure 3.7a).   
 
Figure 3.7: (a) Schematic of bilayer structure I (In0.2Ga0.8As (6 nm)/GaAs (6 nm, top layer) and 
II (GaAs (6 nm)/In0.2Ga0.8As (6 nm, top layer)) and (b) SEM images of an array of upward 
rolling and inverted-rolling rectangular stripe patterns that are partially released from the 
substrate, demonstrating stripe orientation with respect to the width and length ratio.  
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All arrays of patterns are aligned to the <100> direction and sacrificial etching was 
performed for 20 min using diluted HF (1:5=HF:DI water).  Figure 3.6b shows the rolling 
behavior of an array of rectangle stripe patterns after 20 min partial etching of sacrificial layer. 
Even though the orientations of [100] and [010] are equivalent in crystallography, the rolling 
occurs in the [001] direction for some and the [010] direction for others. By examining the 
geometry of the stripe patterns, it becomes clear that the ratio of length to width of the rectangle 
stripes governs the rolling direction in this case. As shown in Figure 3.7b, the longer edges are 
always the rolling parts for both structures as a result of relaxing a larger built-in strain, 
compared to the shorter edges. When the pattern is square (length=width=5 µm), the rolling 
seems to lose its directionality and rolling with all sides or in a random direction seems to occur. 
As a result, understanding of such geometry dependence enables us to realize the formation of 
single-turn tubes by designing the shorter edge of a rectangular mesa to match the tube 
circumference. 
The position, length, and orientation of the tubes on the substrate are predetermined by the 
conventional lithography techniques. The geometry effect we observed allows controlled 
fabrication of single-turn and multiple-turn tubes. Multi-turn tubes with a high number of 
revolutions could be realized by varying the width of the strained membrane.  
 Shown in Figure 3.8a and b is a multi-turn and single-turn In0.3Ga0.7As (6 nm) /GaAs (6 nm) 
nanotube rolled from one side of a rectangle while the opposite side is anchored by deposited 
metal (Cr). Then 200 nm of Cr was deposited by e-beam evaporation using a “CHA” evaporator 
to force one-side rolling. A muti-turn nanotube forms a (In0.3Ga0.7As/GaAs)n radial superlattice. 
Figure 3.8c shows a double multi-turn tube formed by rolling from both directions until they 
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meet against each other. Once four edges of the membrane are open and exposed to HF etching 
solution, all sides have an equal tendency to roll up and both long sides continue to roll up.        
 
Figure 3.8: SEM images of multi-turn (a) and single-turn (b) nanotubes formed by rolling from 
one side and both sides (c). In (a) and (b), one side was cramped by deposited Cr.  
 
3.4 Diameter of SNTs 
The tube diameter can be estimated using the analytical model, based on a macroscopic 
continuum mechanical model which Tsui and Clyne developed to predict the intrinsic stress 
created during the deposition process [38, 39]. And therefore it is important to start from 
understanding Tsui and Clyne’s curvature estimation model in order to apply this to the 
analytical model for estimating the diameter of tubes which are formed by the strained bilayer 
structure.       
3.4.1 Microscopic continuum mechanical model 
In 1997, Tsui and Clyne developed an analytical model to predict the residual stress 
distributions in deposited coatings and stress-induced bending curvature [39]. Here, a plate 
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consisting of two layers bonded together is considered, and a misfit strain (∆ε) is created during 
cooling from a stress-free state by ∆T due to a different thermal coefficient between substrate 
and coating [39, 40, 41]. 
A misfit strain (∆ε) is given by  
∆ε ൌ ሺߙ௦ െ ߙௗሻ∆ܶ (3.2)
where ࢻs and ࢻd are thermal coefficients for substrate and deposited coating, respectively. The 
misfit strain is relaxed by two equal opposite forces +F and –F as shown in Figure 3.9c. These 
two opposite forces induce a bending momentum M in a plate, and therefore the curvature is 
generated in a flat biomaterial plate (Figure 3.9e). The curvature of a plate k can be expressed as 
݇ ൌ MΣ  (3.3)
where M is bending momentum and Σ is the bending stiffness of the plate [40] 
M ൌ Fሺhଵ ൅ hଶ2 ሻ (3.4)
where h1 and h2 are the thickness of the layer 1 and 2, respectively (Figure 3.9b). The misfit 
strain is a function of force F and given by 
∆ε ൌ FhଵbEଵ ൅
F
hଶbEଶ 
F ൌ ∆εbሺ hଵEଵhଶEଶhଵEଵ ൅ hଶEଶሻ 
(3.5)
(3.6)
where b is a width of the bilayer plate as shown in Figure 3.9a.   
The bending stiffness Σ is given by 
Σ ൌ bන Eሺyሻyଶdy ൌ bEଶhଶሺhଶ
ଶ
3
୦మି୷ౙ
ି୦భି୷ౙ
െ hଶyୡ ൅ yୡଶሻ ൅ bEଵhଵሺhଵ
ଶ
3 ൅hଵyୡ ൅ yୡ
ଶሻ (3.7)
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where E1 and E2 are the Young’s modulus of layer 1 and layer 2, respectively. yc is the distance 
from the neutral axis to the bilayer interface (y = 0), and y is the distance from the neutral axis to 
the arbitrary plane in the curved plate as shown in Figure 3.9g. The value of yc is given by  
yୡ ൌ hଶ
ଶEଶ െ hଵଶEଵ
2ሺhଶEଶ ൅ hଵEଵሻ (3.8)
By combining equations from 3.3 to 3.8, the radius R induced by the residual stress in the 
bilayer is given by 
R ൌ 1k ൌ
ቀEଵEଶቁ hଵ
ସ ൅ 4hଵଷhଶ ൅ 6hଵଶhଶଶ ൅ 4hଵhଵଷ ൅ ቀEଶEଵቁ hଶ
ସ
6ሺhଵ ൅ hଶሻhଵhଶ∆ε  
(3.9)
 
 
Figure 3.9: Schematic of the generation of curvature in a flat bilayer plate induced by misfit 
strain (∆ε). (a) The structure of the bilayer plate. (b) Unstressed condition before two layers bond 
together. (c) The bilayer plate constrained by forces (F and –F) after being bonded together. (d) 
The stress distribution in the plate before bending. (e) Bending of the plate with bending 
momentum (M) to relax the built-in misfit strain. (f) The stress distribution in the plate after 
bending. (g) The cross section of the plate after bending. y is the distance from the neutral axis to 
the arbitrary plane in the curved plate [40, 41].  
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Since biaxial stress is applied in the plate (δx = δz and δy = 0), a strain in the x axis is 
induced by δz due to the Poisson effect [39, 40]. According to Hook’s law, the total strain in the 
x axis is given by 
ε୶E ൌ δ୶ െ ࣰ൫δ୷ ൅ δ୸൯ ൌ δ୶ሺ1 െ ࣰሻ (3.10)
where ठ	 is Poisson’s ratio, which is the ratio of the contraction or transverse strain 
(perpendicular to the applied stress) to the extension or axial strain (in the direction of the 
applied stress) when a object is stretched. Therefore, the effective Young’s modulus E´, 
considered the Poisson’s ratio, should be applied for the equations (3.5-3.9) instead of E and 
Eᇱ ൌ δ୶ε୶ ൌ
E
1 െ ࣰ 
Eଵᇱ ൌ Eଵ1 െ ଵࣰ and Eଶ
ᇱ ൌ Eଶ1 െ ଶࣰ  
(3.11)
(3.12)
 where ठ 1 and ठ2 are the Poisson’s ratio of the layer 1 and 2, respectively. Therefore Equation 
3.9 is replaced by 
R ൌ 1k ൌ
൬EଵᇱEଶᇱ ൰ hଵ
ସ ൅ 4hଵଷhଶ ൅ 6hଵଶhଶଶ ൅ 4hଵhଵଷ ൅ ൬Eଶ
ᇱ
Eଵᇱ ൰ hଶ
ସ
6ሺhଵ ൅ hଶሻhଵhଶ∆ε  
(3.13)
In order to apply this macroscopic continuum mechanical model for the InGaAs/GaAs bilayer 
system, the misfit strain caused by different thermal coefficients between two bonded layers is 
replaced with the lattice mismatch between the InGaAs layer and GaAs layer.  
∆ε ൌ a୍୬ୋୟ୅ୱ െ aୋୟ୅ୱaୋୟ୅ୱ  (3.14)
where aInGaAs and aGaAs are the lattice constants of InGaAs and GaAs, respectively. The lattice 
constant of InxGa1-xAs varies with In concentration and is calculated by Vegards’s law. 
a୍୬୶ୋୟଵି୶୅ୱ ൌ aୋୟ୅ୱ ⋅ ሺ1 െ xሻ ൅ a୍୬୅ୱ ⋅x (3.15)
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The Poisson ratios of GaAs and InAs are 0.311 and 0.352 for the <100> direction at 300 K, 
respectively [42], and therefore 	Eଵᇱ /Eଶᇱ ൎ Eଵ/Eଶ for the low concentration of In. Equation 3.13 is 
still valid for the diameter estimation of InxGa1-xAs/GaAs system. The Poisson’s ratio and 
Young’s modulus also vary with In concentration and can be obtained by Vegard’s law. 
3.4.2 Analytical model for the diameter of SNTs 
Based on the tube formation mechanism, the diameter (D) of SNTs should be determined by the 
built-in strain, the overall layer thickness of the bilayer stack, and the thickness ratio of the top 
and lower layers. Therefore it can be scaled from a few nanometer to several micrometer by 
changing the accommodated misfit strain in layers stack and thickness of each layer [4, 33, 43]. 
Different diameters of InxGa1-xAs/GaAs nanotubes were demonstrated by Deneke et al. by 
varying the thickness of each layer and In composition, as shown in Figure 3.10 [44], and the 
tube diameters varied from 35 nm to 550 nm. 
    
Figure 3.10: SEM images of different diameters of InxGa1-xAs/GaAs nanotubes. (a) 1.4 ML 
In0.33Ga0.67/6.4 ML GaAs, (b) 14.1 ML In0.33Ga0.67/6.4 ML GaAs, (c) 1.4 ML InAs/6.4 ML GaAs, 
(d) 1.4 ML InAs/ 20.4 ML GaAs [44].  
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Also, the ratio of inner to outer diameter of nanotubes can be varied, depending on the 
number of rotations, which is determined by the dimension of the mesa pattern and the extent of 
undercutting of the sacrificial layer.  SEM images in Figure 3.11a and b show a multi-turn (6 
revolutions) In0.3Ga0.7As (8 nm)/GaAs (30 nm) microtube. Its inner diameter is about 3 µm and 
outer diameter is 3.28 µm, which is a summation of the inner diameter and thickness of a bilayer 
stack times a number of revolutions. As shown in Figure 3.11c, each layer stack bonds tightly 
during the revolution, provided the strained layer stack rolls up slowly by slow etching of a 
sacrificial layer. In case that a sacrificial layer is etched very fast using a high concentration of 
etching solution, which results in rapid release of a strained film, the loosely bonded multi-turn 
tubes are formed. Songmuang et al. demonstrated hybrid SiOx/Si radial superlattice and a cross 
section of the tube wall was investigated using the TEM and energy filtered TEM, shown in 
Figure 3.12 [44]. 
  
Figure 3.11: SEM images of multi-turn (6 revolutions) In0.3Ga0.7As (8 nm)/GaAs (30 nm) 
microtube (a); its magnified image with the indication of number of turns (b); and cross-sectional 
SEM image showing the thickness of a tube wall, varying with number of turn of a strained film 
(c).       
28 
 
  
Figure 3.12: (a) SEM image of SiOx (7 nm)/Si (8 nm) microtubes; (b) its cross-sectional TEM 
image; and (c) energy filtered TEM image with an oxygen element map of tube wall. Bright area 
and dark area indicate a-SiOx (amorphous Si) and c-Si (crystalline Si), respectively. [45] 
 
The tube diameter D can be estimated by the following equation [39, 44] based on a 
macroscopic continuous mechanical model which was discussed in section 3.4.1: 
D ൌ tሾ3ሺ1 ൅ mሻ
ଶ ൅ ሺ1 ൅m ⋅ nሻ ⋅ ሾmଶ ൅ ሺm ⋅ nሻିଵሿሿ
3εሺ1 ൅ mሻଶ  (3.16)
where d is the total thickness (t1 + t2) of layers, m is the thickness ratio (t1/2), n is Young’s 
modulus (Y1/Y2) ratio, and ε is the lattice mismatch [(d2-d1)/d1] between two layers. Assuming 
Y1ൎY2, Equation 3.16 is expressed by  
D ൌ 13 ⋅
1
ε ⋅
ሺtଵ ൅ tଶሻଷ
tଵtଶ  (3.17)
Therefore, tube diameter is simply expressed by 
D ∝ tε (3.18)
Although Equation 3.16 was derived from the macroscopic continuum model, good 
agreement with experimentally measured radii as a function of thickness has been found, and in 
most cases the experimental data are smaller than the theoretical value. This discrepancy can be 
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corrected by reasonable assumptions of thickness deviation or additional strain which can be 
induced during the fabrication process.   
In order to investigate the strain (ε) effect on tube diameter, the composition of In in the 
InxGa1-xAs/GaAs bilayer structure varied from x = 0.2 to 0.3. The diameter obtained from the 
In0.2Ga0.8As/GaAs and In0.3Ga0.7As/GaAs nanotubes was 822 nm and 591 nm, respectively 
(Figure 3.13a) [4]. These values are smaller than the theoretical values, which are calculated by 
Equation 3.16, by ~ 14%, corresponding to an additional strain of 0.003. Surface effects, 
including tension and possible surface reconstruction, are possibly responsible for additional 
strain. Schmidt et al. have experimentally investigated the variation of tube diameter with bilayer 
thickness and compared them to theoretical values (Figure 3.13b) [43]. Under the fixed thickness 
of a GaAs layer, tube diameter increases with In0.33Ga0.67As layer thickness.      
 
Figure 3.13: (a) SEM images of different diameter of nanotubes with variation of strain (ε); the 
In0.2Ga0.8As/GaAs (upper image) and In0.3Ga0.7As/GaAs (lower image) nanotubes with 822 nm 
and 591 nm diameters, respectively. (b) InGaAs/GaAs tube with different thickness of bilayer 
(upper image) and plot of In0.33Ga0.77As layer thickness (Å) vs. tube diameter (nm) (lower part) 
[43]. 
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3.5 Highly ordered arrays of SNTs  
3.5.1 Ordered SNTs from open mesa structure 
Controlled positioning of nano-objects has always been a challenge when using bottom-up 
growth methods such as for fabrication of carbon nanotubes (CNTs) and quantum dots. Taking 
advantage of the top-down formation process, precise spatial placement of nanotubes could be 
realized; and highly ordered arrays of In0.3Ga0.7As/GaAs nanotubes have been demonstrated, as 
shown in Figure 3.14, using lithographically patterned rectangular open mesa structures. The 
dimensions are 50 µm in length and ~ 540 nm in diameter, with an aspect ratio of ~93. Rolling 
direction, position, density, and aspect ratio of nanotubes are easily controlled during the mask 
design, and well-aligned tubes are fabricated according to the lithographic design. The ordered 
SNT array formation can be realized over the whole wafer, and thus mass production is possible, 
since the processing method is compatible with the conventional micro-processing technology. 
The uniformity in the tube diameter along a tube and between different tubes has been observed 
and is 9% in standard deviation. This inhomogeneity in diameter is attributed to the possible 
deviation of lithography patterns away from the crystal orientation that determines the rolling 
direction and the variation in etch rate [46].   
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Figure 3.14:  The highly ordered arrays of In0.3Ga0.7As/GaAs nanotubes that are 50 µm in length 
and ~ 540 nm in diameter, fabricated by lithographic patterning and selective etching. 
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It is worth pointing out that the Al0.75Ga0.25As sacrificial layer was completely removed and 
thus the highly ordered arrays of SNTs shown in Figure 3.14 are fully released from the substrate 
where no chemical bond exists between the substrate and the tubes. Once a sacrificial layer is 
fully etched away, tubes fall down onto a surface of substrate and are tethered on the substrate 
simply by Van der Waals force between tubes and a substrate (Figure 3.15). Some of tubes are 
displaced from the original positions, but most of them are in place as defined. Uses of the thin 
sacrificial layer and the small tube diameter produce better yield for highly ordered array of 
tubes. As the thickness of a sacrificial layer increases and the tube diameter gets larger, tubes 
have more chance to flow around after being released from a substrate.         
 
  
Figure 3.15: Schematic of formation process of ordered tubes using open mesa structure. Once a 
sacrificial layer is fully etched away, tubes fall down onto a surface of substrate and are tethered 
on the substrate simply by Van der Waals force between tubes and a substrate. 
 
3.5.2 Ordered SNTs by the forced one-side rolling 
In order to achieve the perfectly aligned tube array with 100% yield, the forced rolling 
method can be used. A rolling action starts from one side of a membrane by HF etching of a 
sacrificial layer through the open window which is defined at one side of the pattern. Figure 3.16 
shows the overall process flow of fabricating ordered SNTs by forced one-side rolling. This 
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process has been utilized to realized the suspended InGaAs/GaAs microtubes where InAs QDs 
and GaAs QWs are incorporated as an active medium for optoelectronic tube devices [26,47].  
    
Figure 3.16: Schematic of the overall process flow to fabricate ordered SNTs by forced one-side 
rolling. Upper schematic of (a)-(h) is the schematic of cross-sectional view, and lower schematic 
of (a)-(h) is the top view of a sample in each process step.  
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A U-shaped pattern was designed to fabricate the suspended microtube where the middle 
part of a tube was lifted off from a substrate as multiple revolutions of the tube proceed.  First, 
positive photolithgraphy using AZ-5241 was carried out on the epitaxialy grown In0.3Ga0.7As (8 
nm)/GaAs(30 nm) films by MOCVD to define the desired mesa pattern (e.g. U-shaped pattern, 
Figure 3.16a, b). The shallow etching in H2SO4:H2O2:H2O=1:8:160 was then performed for 10 s 
to define mesa patterns and to etch only down to the part of the In0.3Ga0.7As strained layer 
(Figure 3.16c). After shallow etching, thin In0.3Ga0.7As layer still remained, which prevented the 
patterned mesa from rolling. Etch rate of H2SO4:H2O2:H2O=1:8:160 for GaAs and InGaAs layer 
is about 3.5 nm per second. PR was then removed in aceton (Figure 3.16d), and the negative 
photolithography using AZ-5214 was performed to define an open window for deep etching, 
which is etching of a sacrificial layer (Figure 3.16e). A reversal bake is performed at 110 ºC to 
cross-link the unexposed photoresist, and a flood exposure is carried out on the wafer for 20 s to 
expose the previously unexposed regions to UV light. Next, deep etching in H2SO4: 
H2O2:H2O=1:8:80 was carried out to expose a Al0.75Ga0.25As sacrificial layer for lateral 
undercutting etching (Figure 3.16f). PR was then removed and etching of a Al0.75Ga0.25As 
sacrificial layer in diluted HF (1:5=HF:DI water) was carried out (Figure 3.16g, h). As the lateral 
undercut etching of a sacrificial layer proceeds, the strained membrane is free from the substrate 
and rolls up along the one direction (Figure 3.16i). Tubes of 5.5 µm diameter were obtained. By 
using this technique, it is possible to control the rolling direction and realize perfectly aligned 
arrays of SNTs because the thin InGaAs strained layer is still connected to the defined mesa 
during HF lateral etching. Figure 3.17 shows SEM images of the highly ordered array of tube 
which was realized by this technique.     
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Figure 3.17: SEM images of highly ordered arrays of tubes, obtained through forced one-side 
rolling. The zoomed-in images are shown in the down sequence. 
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3.6 Transfer of SNTs  
As discussed in section 3.5, the SNTs are tethered on the substrate simply by Van der Waals 
force between a substrate and SNTs. This allows such arrays of SNTs to be readily lifted off 
from the substrate and dispersed into solution and subsequently deposited onto a foreign 
substrate or printed onto other substrates by a soft-contact transfer printing. Several transfer 
techniques were developed and demonstrated to transfer SNTs onto other substrates such as Si or 
sapphire to avoid substrate effects. 
3.6.1 Sonication method in solution 
The transferability of SNTs can be simply demonstrated by removing them from the surface 
and dispersing them into solution. Figure 3.18 shows the schematic illustration of the transfer 
process using sonication in solution. The methanol beaker where a Si substrate is put on the 
bottom is placed in the sonication bath. In0.2Ga0.8As/GaAs SNTs were then placed upside down 
in the methanol beaker and sonicated for 60 s. SNTs are detached from the GaAs substrate and 
dispersed into solution during sonication and then fall down on the Si substrate. After that, the 
methanol beaker is moved onto the hot plate which is set at 80 °C.  
 
Figure 3.18: The schematic illustration of the transfer process using sonication in the methanol 
bath. 
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Methanol is preferred as the solution bath because it has the low surface tension and is 
readily evaporated, resulting in no residue behind. The methanol beaker is placed on the hot plate 
until a methanol is completely evaporated. Shown in Figure 3.19 is a bundle of freestanding 
In0.2Ga0.8As/GaAs SNTs deposited on a Si substrate by sonicating in methanol bath. Most of the 
tubes survive this transfer process without breakage, maintaining the tubular structural integrity 
(Figure 3.18c, d). However, ordering of the SNTs disappears after transferring. A successful 
dispersion of functional freestanding tubes into the solution could enable applications such as 
sensors in a test tube. 
 
Figure 3.19: SEM images of a bundle of freestanding In0.2Ga0.8As/GaAs SNTs deposited on a Si 
substrate (a, b); a single tube maintaining original tubular shape (c); and its zoomed-in image (d). 
No defects or cracks were observed.   
 
3.6.2 Transfer printing using PDMS 
The SNTs arrays can be transferred with their original spatial alignment by transfer printing 
through poly-dimethyl siloxane (PDMS), which was developed by Rogers’ group [48]. Shown in 
Figure 3.20 is the process flow of transfer printing using a PDMS. SNT samples stick to the glass 
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using carbon tape and the PDMS stamp is prepared on the glass as well (Figure 3.20a). PDMS 
glass is placed upside down very gently on the top of the SNTs to avoid squeezing SNTs and 
then left until the sample surface is fully wetted by PDMS (Figure 3.20b). The next step is 
pressing one side of PDMS glass down (Figure 3.20c). Transferred SNTs should be observed on 
the PDMS surface by diffraction of light, as shown in Figure 3.20d. 
   
 
Figure 3.20: The process flow of transfer printing using a PDMS (a)-(c). Transferred SNTs 
should be observed on the PDMS surface (d). 
 
Figure 3.21 shows the transfer results of In0.2Ga0.8As/GaAs SNTs arrays from the GaAs 
substrates to the PDMS stamp. The SNTs have been completely removed from the native GaAs 
substrate where the color contrast indicates where the SNTs were located. In Figure 3.21a, the 
lighter stripes are areas which were covered by the mesa patterns that form SNTs, while the 
darker areas are where the AlGaAs sacrificial layer was exposed. It looks dark under SEM due to 
Al oxide, which is not resolved by HF. As shown in Figure 3.20b and c, the alignment and 
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integrity of the SNTs have mostly been maintained after transfer process. To see SEM images on 
the PDMS surface, 10 nm of Au coating was carried out through sputter to prevent charging of 
the electron beam. This capability opens up the prospect of using SNTs as building blocks on 
various substrates, including applications in flexible nanoelectronics and nanophotonics.   
 
 
 
Figure 3.21: SEM images of (a) the native GaAs substrate after transfer of the SNTs array; (b) 
In0.2Ga0.8As /GaAs SNTs arrays on PDMS transferred from the GaAs substrate; and (c) zoomed-
in image of single tubes on PDMS.  
 
3.6.3 Direct transfer of SNTs onto other substrates 
Without taking advantage of solvents such as methanol and sonication, SNTs tubes can be 
transferred onto other substrates directly during the dry process on the hot plate.  This method is 
simple and reliable and high yield of transfer can be achieved. As shown in the schematic of 
process flow (Figure 3.22), the foreign substrate where SNTs is transferred is placed on the hot 
plate (set at 80 °C), and the SNT fabrication process proceeds up to the rinse step in methanol. 
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After rinsing in methanol for 10 min, the SNT wafer was turned face down and is placed very 
gently on the top of the foreign substrate. As methanol evaporates, SNTs fall down onto the 
foreign substrate due to the surface tension of methanol during its evaporation (Figure 3.22b). 
After methanol is completely evaporated, the SNT sample is taken out of the foreign substrate.     
 
Figure 3.22: (a) Schematic of the direct transfer process during a dry step. (b) Schematic of the 
interface between a SNT GaAs substrate and a foreign substrate during the drying process. As 
methanol evaporates, SNTs fall down due to the surface tension of methanol. 
 
Shown in Figure 3.23 are In0.2Ga0.8As (10 nm)/GaAs (40 nm) SNTs transferred from a GaAs 
substrate to the patterned Si substrate. The Si substrate has an array of trench patterns which was 
fabricated using KOH etching with PR mask. These tubes have wall thickness of 50 nm ~ 100 
nm depending on their revolution and diameters of 6.4 µm. Such a transfer process did not 
damage the structural integrity of the tubes, which indicates the mechanical flexibility of the 
nanoscopic form of the materials. In order to prove no structural damage to tubes occurred 
during the direct transfer process, QW tubes, which consist of In0.2Ga0.8As (10 
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nm)/Al0.33Ga0.67As/GaAs (5 nm)/Al0.33Ga0.67As/GaAs (3 nm), were investigated using photo- 
luminescence (PL) and it was proved that no structural defect were created. The PL 
characteristics of QW tubes will be discussed in Chapter 4. 
  
Figure 3.23: SEM images of In0.2Ga0.8As (10 nm)/GaAs (40 nm) SNT arrays on a GaAs substrate 
(D ~ 6.4 µm) (a); the trench patterned Si substrate which was produced by KOH etching (b); and 
In0.2Ga0.8As (10 nm)/GaAs (40 nm) SNTs on the trench patterned Si substrate after transfer using 
the direct transfer method (c, d).   
 
In addition, various substrates can be used as an acceptor substrate. InGaAs nanowires/Si 
substrate grown by Axitron MOCVD reactor was used as an acceptor substrate in Figure 3.24 
and In0.2Ga0.8As (10 nm)/GaAs (40 nm) SNTs (D ~ 5.1 µm) on InGaAs nanowires was 
demonstrated by using the direct transfer method. Figure 3.24a shows an SEM image of 
In0.2Ga0.8As (10 nm)/GaAs (40 nm) SNT arrays on a GaAs substrate; a single SNT on the top of 
InGaAs nanowires is shown in Figure 3.24b and c. Standing SNTs on the substrate was produced 
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by chance and shown in Figure 3.24b. In a zoomed-in image of single SNT (Figure 3.24d), 
InGaAs nanowires are visible through the SNT due to the thin tube wall.   
 
 
Figure 3.24: SEM images of (a) In0.2Ga0.8As (10 nm)/GaAs (40 nm) SNT arrays on GaAs 
substrate (D~5. 1µm); (b, c) SNT on the top of InGaAs nanowires which are grown on Si 
substrate by Axitron MOCVD reactor, showing standing SNTs in (b); zoomed-in image of a 
single SNT where InGaAs nanowires are visible through the SNT due to the thin tube wall (d).   
 
3.7 Geometry effect on rolling behaviors of the strained membranes 
3.7.1 Systematic experimentation 
As discussed in Chapter 1, semiconductor micro/nanotubes possess potential to provide a 
wide range of functionalities for optoelectronics, plasmonics, MEMS/ NEMS, and sensing [5-9]. 
For those applications, structure and functionalities of this type of 3D architectures should be 
controllable, and therefore understanding the mechanism of rolling and the parameters 
43 
 
controlling rolling behavior is very important. As introduced in sections 3.1 and 3.2, one way to 
release the strained film from the substrate is to lithographically define the rectangular mesa 
stripe pattern in order to expose the sidewalls of the sacrificial layer for lateral etching in an 
etching solution (e.g. HF); the self-rolling direction is dependent on the elastic anisotropy in 
A3B5 cubic crystals [4].  It was observed that the same mesa strip geometry with the sides 
oriented along <100> (the soft direction) could result in tubes with different lengths and different 
numbers of rotations, depending on which one of the crystallographically equivalent <100> 
directions the tubes roll from. It turned out that the tube diameter, the dimension of the 
rectangular mesa (ratio of length to width), and certain kinetic variations are critical factors to 
determine the rolling direction of the strained membrane (Figure 3.25). 
 
Figure 3.25: Diagram to show the critical factors (tube diameter, mesa pattern size, and kinetic 
variation) for the rolling direction of the strained membrane. 
 
When the sides of a rectangular-shaped membrane are oriented along the soft rolling 
direction, all four sides are crystallographically equivalent. And thus all four sides start to curl up 
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with equal tendency at the initial rolling stage as the InxGa1-xAs/GaAs bilayer film is gradually 
released from the substrate through lateral etching of a sacrificial layer (Figure 3.26a). As the 
lateral etching further proceeds,  rolling could end up occurring from the short side (Figure 
3.26b), long side (Figure 3.26c), or both directions (Figure 3.26c), depending on the actual 
dimension of the rectangular mesa, the tube diameter, the lateral etching anisotropy, and certain 
kinetic variations. The stacks of strained films for Figure 3.26b, c, and d were In0.15Ga0.85As (8 
nm)/GaAs (30 nm), In0.2Ga0.8As (8 nm)/GaAs (30 nm) and In0.3Ga0.7As (8 nm)/GaAs (30 nm) 
bilayer, respectively. The final tube diameter in Figure 3.26b, c, and d was 9 µm, 4 µm, and 3 
µm, respectively.   
 
 
Figure 3.26: Geometry dependence of the semiconductor micro/nanotube formation. (a) The 
initial stage of rolling where all four sides of the rectangular mesa start to roll-up, (b) the short- 
side rolling tubes, (c) the long-side rolling tubes, and (d) tubes which rolled up from both sides 
simultaneously. The rectangular mesa dimensions are 19 µm x 50 µm. 
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To systematically investigate the mechanism involved with different rolling behavior of the 
strained membrane defined in the same crystal orientation, a time evolution of rolling behavior 
was studied.  Figure 3.27 shows the experimental time evolution of the rolling processes of two 
single rectangular InxGa1-xAs-GaAs membranes of different geometries after the sacrificial 
Al0.75Ga0.25As layer is etched for the indicated time in 1:2 HF:H2O solution. Here, the 
In0.3Ga0.7As (8 nm)/GaAs (30 nm) bilayer with the 10 µm x 25 µm strip and In0.2Ga0.8As (8 
nm)/GaAs (30 nm) with 19 µm x 50 µm strip was used to study long-side and short-side rolling 
behavior, respectively. The dimensions of the rectangular mesa were chosen based on the 
experimental database so that the final rolling direction was clearly expected. As etching 
proceeds isotropically from all sides, the center part of the membrane, restricted by the substrate, 
becomes narrower until it is completely free. The etching time is indicated on each snapshot. 
Figure 3.27a shows the evolution of the rolling state of a 10 µm x 25 µm rectangular membrane 
at four different etching times. After 30 s etching time, the short side of the rectangle started to 
roll up on one end, while at the other end, the long side started to curve up. At 45 s, the rolling 
seems to come to a deadlock since further rolling from either direction is restricted by the other 
end. At 55 s, however, the long-side rolling takes place, implying that the curved short side is 
compromised by opening itself up to allow continued rolling from the long side. A completely 
rolled-up tube from the long side is formed at 60 s, with the length of the tube equal to the length 
of the rectangle membrane. The dramatic change in shape between the 45 s and 55 s snapshots is 
testimony of the mechanical flexibility and pliability of ultrathin inorganic semiconductor 
membranes; no damage and defects have been found in the rolled-up tubes based on TEM 
examinations [12]. This also implies that it is the minimization of the total energy of the system 
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that determines the final rolling shape, even when the initial rolling shape governed by the edge 
effect is very different.  
 
Figure 3.27: Time evolution of membrane rolling from two different directions. Snapshots of 
SEM images of the rolling process of InxGa1-xAs/GaAs rectangular membranes after the 
sacrificial Al0.75Ga0.25As layer is etched for the indicated time in 1:2 HF:H2O solution.  (a) 10 x 
25 µm membrane etched for 30 s, 45 s, 55 s, 60 s to form 3 µm diameter (In0.3Ga0.7As/GaAs) 
tube rolling from the long side. (b) 19 x 50 µm membrane etched for 30 s, 120 s, 140 s, 180 s to 
form 4 µm diameter (In0.2Ga0.7As/GaAs) tube rolling from the short side. 
47 
 
Membranes of different dimensions have been observed to exhibit different rolling behavior. 
As shown in Figure 3.27b where a flat 19 µm x 50 µm rectangular stripe was the starting point, 
all four sides seemed to curve up equally after 30 s etching time. At 120 s, the long side clearly 
straightened up to yield to the continued rolling of the short side, while the middle of the stripe 
remains anchored to the substrate. As the undercut etching proceeds, the short sides complete 
one complete revolution (at 140 s) and continues to roll to form multi-turn tubes on each end 
until they meet each other in the middle at 180 s. This result is in contrast to the final geometry 
in Figure 3.27a where the tube is rolled up along the long side of the rectangle. Note that 
sometimes small tears occur (e.g. at 140 s), which does not seem to stop or change the rolling 
direction; and these tears are caused by the strong rolling momentum driven by the strain 
relaxation of the membrane against the sharp sacrificial layer, which results from the lateral 
etching of the sacrificial layer. 
After examining many tube behaviors using different conditions, such as different diameters 
of tubes and different dimensions of rectangular mesa patterns, there are three final tube shapes, 
as shown in Figure 3.28. It turned out that long-side tubes are obtained when the circumference 
(C) of tubes is compatible to a width of a membrane and mixed and short-side tube are obtained 
when the circumference (C) of tubes is much smaller than a width of a membrane. 
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Figure 3.28: (a) SEM image of long side rolled-up tube (upper) and array (lower); its 
circumference is compatible with a width of a membrane. (b, c) Mixed and short side rolled-up 
tubes (upper) and array (lower); its circumference is much smaller than a width of a membrane. 
   
Figure 3.29 summarizes the observed rolling behavior of rectangular geometry membranes 
systematically varied with length and width in the range of 5 – 100 µm and tube diameter of 0.5 
– 10 µm, when arrays of identical-geometry membranes are released to roll. The rolling direction 
trend is plotted as a function of three parameters b/a, C/a, and a, where C is the circumference of 
the tube, and a and b are the length and width of the rectangular shaped membrane, respectively. 
There are three types of rolling behavior, shown in Figure 3.28. The blue dots represent 
geometries which result in dominantly long-side rolling, red dots represent short-side rolling, and 
green dots are mixed cases with some tubes rolled up from the long side and some from the short 
side. It is noted that the total strain (lattice mismatch and thickness) in the bilayer solely governs 
the final diameter of the tube and hence is independent of the length and width of the stripe. 
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Figure 3.29: Rolling trend versus geometry. (a) 2D and (b) 3D plots summarizing rolling 
direction as a function of the circumference of the tube (C), width (a), and length (b) of the 
rectangular-shaped membrane. Three types of rolling trends are color coded (blue for long side, 
red for short side, and green for mixed) on the plot [49].  
 
Accordingly, rolling in either direction does not change the diameter of the resulting tube. 
Clearly, Figure 3.29 shows that the rolling direction not only depends on the dimension of the 
starting membrane (a and b), but also the tube diameter or circumference (C) [49]. The 2D plot 
shows the rolling behavior in the parameter space of two normalized dimensions (C/a and b/a). 
Using a 3D plot where a, the width of the rectangle, is added as the third axis, the three types of 
rolling behavior can be better delineated as a function of geometry. It can be seen that when the 
tube circumference is much larger than the width (C/a > 2), or the aspect ratio of the rectangle is 
high (b/a > 9), rolling always occurs from the long side (blue dots). When the tube circumference 
is much smaller than the width (C/a << 1; i.e. a curved surface but not a complete tube) and the 
aspect ratio of the membrane pattern (b/a) is not very high, the rolling results in a mixed yield 
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(green dots) of long- and short-side rolling, as well as the “dead-locked turn-over” shape. For the 
same aspect ratio in Figure 3.29b, long-side rolling seems to be limited to smaller membranes, 
and mixed-and short-side rolling are more likely to occur for larger ones. Interestingly, for the 
rectangle dimensions we studied (1 - 100 µm), only a specific ratio of width and length (b/a ~ 
2.6) has yielded tubes rolled up from the short side, regardless of diameter (4, 7, 9 µm shown) 
and absolute a and b dimensions (19 x 50, 29 x 75, 38 x 100 µm2 shown).  
3.7.2 Numerical simulation 
Numerical simulation was carried out by Professor Hsia’s group to support experimental 
observation and reveal the microscopic rolling mechanism. The finite element method (FEM) 
was carried out to simulate the rolling behavior of the nanotubes using ABAQUS [49, 50]. The 
bilayer of InxGa1-xAs and GaAs was simulated using eight-node thick-shell elements, which 
permit variation in properties through the thickness. The materials are assumed to be elastic. To 
simulate the epitaxial mismatch strain between the layers, different in-plane coefficients of 
thermal expansion were assigned to the InxGa1-xAs and GaAs layers (in the simulations, the 
thermal expansion coefficient of GaAs is assigned to be zero).  A mismatch strain of prescribed 
magnitude can then be induced by introducing a temperature change. To reduce computational 
time, the symmetry condition was invoked, and only one-quarter of the plate was modeled by 
applying the appropriate boundary conditions. In all simulations, the temperature change is 
ramped up until the prescribed mismatch strain level is reached. For a given geometry (length, 
width, and the dimensions of the etched portion), only one rolling mode is achieved as the 
temperature change increases. However, to understand the controlling mechanisms of the rolling 
process, the total strain energy of different rolling behaviors (long side, short side, or mixed 
rolling) needs to be evaluated. To simulate different rolling behaviors, a perturbation was applied 
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to the model. During the initial stage of the simulation, one of the edges would be clamped down 
to promote rolling of the other edge. A small temperature change was applied, and the edge was 
then released for the remainder of the simulation.  For example, to induce rolling along the short-
side edge, the long-side edge was initially clamped during the perturbation and subsequently 
released. It was observed that once one side (long or short or mixed) started to roll, it would 
continue to roll even after the artificial clamping of the other side is released, regardless whether 
it has a higher total strain energy. The resulting model allowed for energy calculations to be 
made at a fixed point in the etching process. Various points during the etching process could be 
simulated by changing the dimensions. By comparing the energy states associated with the two 
rolling directions, the most thermodynamically preferred rolling direction could be determined.  
The membrane deformation under analogous conditions to the experiment, which is the 
constrained rolling cases with the center region attached to the substrate, was simulated through 
FEM modeling. It is in fact this constrained rolling that directly influences the rolling direction. 
Figure 3.30 shows the FEM results of a bilayer membrane of 60 µm x 100 µm in dimension 
under simulated experimental conditions where the membrane is released from the substrate and 
deformed gradually through isotropic etching. Figure 3.30a and b are plots of the calculated total 
strain energy of a series of snapshots of the intermediate rolling state as a function of “mismatch 
strain” (corresponding to the extent of deformation, analogous to the time evolution of rolling 
experimentally) for three rolling trends (long side, short side, and mixed). It should be pointed 
out that, in the experiments, the constraining geometry of the rolling membrane changes 
continuously as the film is released from the substrate by isotropic etching. In the FEM 
simulations, different release states are modeled by changing the dimensions of the unreleased 
center region (a1 and b1 in Figure 3.30e). If the rolling process is governed by minimizing the 
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Figure 3.30: FEM simulation results for restricted rolling (analogous to experimental condition). 
(a) A plot of total strain energy in the three rolling states (long-side, short-side, and mixed) of a 
strained membrane (60 µm x 100 µm) as a function of mismatch strain. (b) Zoomed-in view of 
the very early stage of the rolling (red-boxed area in (a)). (c) 19 µm x 50 µm and (d) 4 x 25 µm 
rectangular membrane patterns after 40% of the total area is released. The colors in the legend 
indicate extent of displacement starting from highest (red) to lowest displacement from before 
rolling (blue). (e) Schematic showing the geometric parameters of one quadrant of the bilayer 
membrane used in the FEM model [49, 50]. 
total energy stored in the system, there should be a one-to-one correspondence between the 
experimental process and simulation model. It can be seen from Figure 3.30a that, for this 
particular geometry, the long side rolling is the lowest energy state for the restricted rolling 
scheme because curving up the long side relaxes more residual energy in the membrane. 
However, at the very early stage of rolling  as shown in Figure 3.30b, which is the zoomed-in 
view of the red box in Figure 3.30a, the mixed state where all sides curve up is actually favored 
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energetically, consistent with the experimental observations (in Figure 3.27). It should be pointed 
out that in all simulations of the isotropic etching cases (i.e., the dimensions of the rolling part 
along the long side is equal to that along the short side, ao-a1 = bo-b1 in the quadrant illustration 
in Figure 3.30e), long-side rolling is always energetically preferred.  
However, in experiments a short-side rolling in membranes with special geometric aspect 
ratios was observed (Figure. 3.26b and 3.27b). To identify the mechanism for the short-side 
rolling behavior observed experimentally, the time evolution, and thus intermediate states of film 
deformation in the FEM simulations was carefully analyzed. Figures 3.30c and d show the 
simulation results of the deformation profile for two membrane geometries: (c) 19 x 50 µm2 and 
(d) 4 x 25 µm2, when 40% of the total area is released (etched off) from the substrate. In Figure 
3.30c, while the edge along the short-side is lifted completely, a part of the long-side edge and 
the corner seem to be pinned down, implying continued rolling along the short side. In contrast, 
Figure 3.30d displays a different behavior in that the corner, and the long sides are rolled up 
more than the short sides, and should lead to the long side rolling eventually. These simulations 
are in agreement with the experimental results which show that while a 19 µm x 50 µm stripe 
exhibits short-side rolling, a 4 µm x 25 µm stripe consistently exhibits long-side rolling. 
Although it is true that the lowest energy configuration of the final state plays an important role 
in determining the ultimate rolling direction, the simulation and experimental results in the 
current study imply that the deformation history, which could be affected by the experimental 
process such as etching rate, may also determine the rolling direction depending on the 
intermediate states. It is not believed that the specific aspect ratio for the observed short-side 
rolling in Figure 3.30 has significant physical meaning, other than the fact that it seems to lead to 
an intermediate state that favors short-side rolling. 
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FEM simulations also indicate that, when anisotropic etching is achieved (e.g., when ao-a1 < 
bo-b1), one can control the rolling behavior and change the rolling direction more readily. 
Experimentally anisotropic etching conditions can be kinetically created to give rise to 
asymmetric releasing from each side of the rectangle film and deliberately change the rolling 
direction.  Shown in Figure 3.31 is one such example where the membrane geometry (19 µm x 
50 µm) normally yields short-side rolling (Figure 3.31a). Here the membrane consists of the 
In0.2Ga0.8As (8 nm)/GaAs (30 nm) bilayer. Upon patterning arrays of holes along the long side 
where preferential etching occurs due to more access to etchant, we have successfully rolled up 
the same geometry membrane along the long side (Figure 3.31b). Etching times in 1:2=HF:DI 
solution are 180 s and 20 s for 3.31a and b, respectively.  
 
Figure 3.31: Forced rolling. SEM images showing change in rolling behavior from (a) short-side 
rolling to (b) long-side rolling when holes are lithographically patterned on a 19 µm x 50 µm 
membrane pattern (38 nm thick) to induce anisotropic etching and forced rolling along faster 
etching direction. Etching time in 1:2=HF:DI solution are 180 s and 20 s for (a) and (b), 
respectively.  
 
With the systematic mapping and understanding of the geometry dependence of the rolling 
direction, we can readily fabricate perfectly ordered arrays of rolled-up micro-/nanotubes over 
large areas. Shown in Figure 3.32a is a few millimeter-size area of such ordered tube arrays with 
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100% yield of rolling along the long side. Figure 3.32b to c shows a zoomed-in image of tube 
array, and a single tube is shown in Figure 3.32d. 
In summary, we have demonstrated systematically the geometry effect on the strain-driven 
deformation behavior of self-rolling mismatched epitaxial InxGa1-xAs-GaAs membranes with 
rectangular geometry. We have found that the final rolling direction depends on the length and 
width of the membrane as well as the diameter of the rolled-up tubes. The energetics of the final 
state, the history of rolling process, and the kinetic control of the etching isotropy are all 
contributing factors to the rolling behavior. The guidelines provided in this study should have 
significant impact on the precise control of tubular and curved semiconductor nanostructures for 
better applications in MEMS/NEMS, nanoelectronics, and nanophotonics. 
 
Figure 3.32: Large area assembly. (a) SEM image of a millimeter-size area of InxGa1-xAs/GaAs 
(x = 0.3) tube array that consists of perfectly aligned long-side rolled-up 636 nm diameter 
microtubes formed from 3 x 25 µm2 rectangular membrane mesa; (b)-(d) zoomed-in image of the 
tube.  
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CHAPTER 4 - OPTICAL PROPERTIES 
3D tubular structures can be formed not only from a simple strained bilayer such as InxGa1-x- 
As/GaAs [10] and Si1-xGex/ Si [11], but also from structures that includes active optical gain 
media such as QWs and QDs, provided there is enough rolling momentum from the built-in 
strain in the epitaxial film and the total thickness of the structure is below the critical thickness, 
which can generate the misfit dislocation [12, 13]. Taking advantage of the epitaxial film growth 
techniques such as MBE and MOCVD, various active mediums in the form of binary, ternary, or 
quaternary alloy can be readily incorporated in the planar strained layer stack. Compared to 
planar QW and QD structures, the tube with the active medium which is situated in the tube wall 
has unique optical properties: a high index contrast environment due to the semiconductor-air 
interface, the strain gradient in tube wall, and formation of new optical cavities (circular along 
tube periphery and longitudinal tube axis).  
4.1 Active optical medium in the tube wall 
Illustrated in Figure 4.1 are three different types of active structures of QWs, QDs, and 
nanowires that can be embedded in a planar tube structure and rolled up. The InxGa1-xAs layer as 
a wrapper is grown with strain on the top of the AlGaAs sacrificial layer while the rest of the 
layers are kept either lattice-matched to the substrate (GaAs QW) or involving discrete structures 
(QDs and nanowires). On both sides of the active layers, the 10 nm thick Al0.33Ga0.67As barrier 
layer is grown for electronic and optical confinement. The film growth of the QW and QDs 
structure is straightforward, as in the growth of planar laser structures, except the design involves 
much thinner layers. On the other hand, the growth of the nanowire structure takes a special 
regrowth process that includes three temperature steps, where the planar nanowire growth is 
catalyzed by Au colloids and formed through the vapor-liquid-solid mechanism; and the barrier 
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layers are formed in situ taking advantage of the high Au mobility in high growth temperatures 
[51]. The initial growth stops after growth of the InxGa1-xAs strained layer, followed by the 
external deposition/patterning of Au colloids, which then return to the MOCVD growth chamber 
for a three-step regrowth that results in embedding the planar GaAs nanowires epitaxially 
between the Al0.33Ga0.67As barrier [51]. The three-step growth starts with a high temperature step 
(625 °C) where the epitaxial growth of the Al0.33Ga0.67As barrier takes place underneath the Au 
colloids, which simply elevate to the surface at this temperature, followed by a low temperature 
(465 °C) step where self-aligned planar nanowires are grown. After the nanowire growth, high 
growth temperature (625 °C) is again used for the growth of the top Al0.33Ga0.67As barrier and 
GaAs cap while keeping the Au colloids elevated at the surface. Au colloids can be subsequently 
removed before rolling up the strained films. 
    
Figure 4.1: Illustration of the epitaxial structures (before rolling) of three types of quantum 
confined light emitters embedded in the tube wall of self-rolling semiconductor micro-
/nanotubes. (a) GaAs QW tube, (b) InxGa1-xAs QDs tube, and (c) GaAs nanowire tube. 
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All epitaxial growths of QW heterostructures were carried out in an Axitron 200/4 low-
pressure metal organic chemical vapor deposition reactor. Since the films are grown at a low 
pressure, it turned out that fewer defects are produced as proved by photoluminescence 
measurement. The rolled-up QW tubes which consist of the InxGa1-xAs/Al0.33Ga0.67As/GaAs 
QW/Al0.33Ga0.67As/GaAs capping layer have been fabricated for this study. After the growth of 
GaAs buffer layer at 800 °C, the InxGa1-xAs, Al0.33Ga0.67As, GaAs QW, Al0.33Ga0.67As, GaAs 
capping layer was grown at 625 °C sequentially. Indium (In) composition varied from x = 0.2 to 
0.3 and thickness of each layer is also adjusted to produce different size diameters of QW tubes. 
After growth of a planar QW tube structure, structural characterization was done using a 
high-resolution JEOL 2010FS TEM. Shown in Figure 4.2a is the schematic of the epitaxial 
structure of a GaAs QW microtube, which consists of a 5 nm GaAs QW cladded by 10 nm 
Al0.33Ga0.67As layers on each side on top of a strained 8 nm In0.3Ga0.7As and capped by a 5 nm 
GaAs layer. The total stack thickness is 38 nm. Cross-sectional TEM images were taken from the 
wall of the rolled-up tube. Figure 4.2b is the Z-contrast STEM image, showing each layer 
thickness, and Figure 4.2c is the bright field TEM image with high resolution, showing the lattice 
and interface of each layer with atomic resolution. It was confirmed that the epitaxial structures 
have no defect, a smooth interface, and a high crystallinity.         
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Figure 4.2: Schematic of planar QW tube structure (a) and cross-sectional TEM images taken 
from the wall of the rolled-up tube using JEOL 2010FS; Z-contrast STEM image (b) and bright 
field TEM image with high resolution (c).  
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4.2 PL characterization of quantum well tubes 
 4.2.1 PL setup  
Photoluminescence (PL) analysis was carried out to characterize optical properties of QW 
microtubes. The PL setup illustrated in Figure 4.3 was used for the PL measurement.  
 
Figure 4.3: Schematic of photoluminescence (PL) setup. 
 The continuous wave photoluminescence from 532 nm Nd:YAG laser was used as the 
excitation source and a Si charge coupled device (CCD) with 1024 x 246 pixels was used as the 
detector, which is cooled down by liquid N2.  The laser beam is directed to the sample using two 
reflection mirrors and focused on the target area of the sample, which is mounted on the holder 
using double-sided adhesive tape, by the focal lens. Laser power is adjusted by the attenuator 
which is placed in the middle of two reflection mirrors.  Photoluminescence illuminated from the 
target is collected by focal lens 2 and 3 and detected by the CCD camera after being reflected by 
61 
 
a collimating mirror, grating, and focusing mirrors. The Edge filter is placed between focal lens 2 
and 3 to filter out undesired emissions (i.e. emission laser) and 600 g/mm grating is used for 
near-IR measurement, which is blazed at 500 nm.  The spot size of an excitation laser is ~50 µm.   
4.2.2 PL intensity enhancement  
For PL characterization, the QW microtubes were dispersed off the native GaAs substrate 
and redeposited onto a transparent substrate such as sapphire to minimize substrate optical 
absorption and to make a high density tube cluster (Figure 4.4). Tube density on a GaAs substate 
is very low and thus a laser beam spot (~50 µm) can cover only one tube (Figure 4.4a). The 
green spot in Figure 4.4 indicates a laser spot. Due to the long traveling path and several focal 
lenses which the emission from QW tubes passes through, much loss takes place and therefore 
no signal was detected by measuring one single tube. After transferring QW tubes on a sapphire 
substrate using the sonication method in solution (discussed in section 3.6.1), randomly 
dispersed tube clusters were formed because of the their surface tension, resulting in large 
coverage of QW tubes under the ~50 µm laser beam spot, shown in Figure 4.4b.  
      
Figure 4.4: (a) SEM image of QW tubes on a GaAs substrate. The green spot indicates a laser 
beam spot which covers only one tube. (b) QW tube cluster after transferring onto sapphire 
substrate. The laser beam spot covers tens of tubes.  
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As shown in Figure 4.5a, before the film is released from the substrate, the PL taken at room 
temperature is dominated by emission from the bulk GaAs substrate, which appears at 862 nm at 
low pump power (1 mW) and gradually shifts to the longer wavelength with increasing power 
due to the heating effect and reaches 881 nm at 90 mW. The peak at ~1020 nm, visible at low 
pump power (1 mW), probably originates from the InGaAs layer. The GaAs QW peak, which is 
supposed to show up a shorter wavelength due to quantum confinement, is not observed at all. 
This is probably due to insufficient optical confinement from the ultra-thin (10 nm) 
Al0.33Ga0.67As barriers and the strong absorption from the GaAs substrate which has a smaller 
band gap (Eg = 1.42 eV) than GaAs QW in the tube. However, the weak peak at 817 nm is 
observed when the GaAs QW structure is released from the native substrate and dispersed onto a 
transparent sapphire substrate, as shown in Figure 4.4b. This planar film has the same structure 
as in Figure 4.5a except there is no 8 nm In0.3Ga0.7As strained layer and thus no rolling action 
took place. The peak position is consistent with the quantum confined band gap from a 5 nm 
GaAs QW. Eliminating the substrate associated absorption enhances the QW emission.  
The PL intensity from the QW structure is further enhanced dramatically once the planar 
strained membrane is rolled up along with the In0.3Ga0.7As strained layer. Shown in Figure 4.5c 
are the schematic of structure, an SEM image of a single tube that is 3 µm in diameter with 2.5 
rotations, and the PL spectrum taken from the tube clusters on a sapphire substrate. A strong and 
distinct peak at 826 nm is clearly observed. This large enhancement after the strained membrane 
rolled up is attributable to the large refractive index contrast between the tube wall (n ൎ	3.5) and 
air (n = 1), resulting in better confinement of light. Once the membrane rolled up, the area 
exposed to the air becomes larger than when it is laid on the substrate as the form of a planar film. 
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In addition, the PL peak position of the QW tube shows a clear red shift relative to that from the 
planar film, which will be discussed later.   
 
Figure 4.5: (a) Schematic of the QW strained film structure before being released from the 
substrate (left) and PL spectrum (right). (b) Schematic of the planar QW strained film without 8 
nm In0.3Ga0.7As strained layer (left), a SEM image after film is transferred onto a sapphire 
(middle) and the PL spectrum (right). (c) Schematic of QW tube structure (left), an SEM image 
after formation of the tube (middle), and the PL spectrum (right). All PL taken at room 
temperature. 
 
 
64 
 
In order to systematically investigate PL intensity enhancement due to large refractive index 
contrast, holey QW tubes whose structure was the same as that in Figure 4.5c were fabricated by 
patterning periodic arrays of holes before the film is rolled up. The patterning on the rolled-up 
membranes showed no change on the tube diameter (D ~3 µm).  
Shown in Figure 4.6a is the mask design for holey QW tubes where length, width, and hole 
size are 20 µm, 105 µm, and 5 x 5 µm2, respectively. The array of holey tubes was observed on a 
GaAs substrate (Figure 4.6b) and the holey tubes got clustered after being transferred onto a 
sapphire substrate (Figure 4.6c).  Figure 4.6d shows the monochromatic cathodoluminescence 
image of a red box in Figure 4.6c and the zoomed-in SEM image of a yellow box in Figure 4.6c, 
and its corresponding monochromatic CL images shown in Figure 4.6e and f, respectively. SEM 
images and CL images (Figure 4.6c-d) were taken by JEOL 7000F where the Gatan Mono-
chromatic CL spectrometer and imaging system are equipped. The central wavelength for CL 
was 820 nm. It was clearly observed that the part of the membrane which is surrounded by air 
gave a stronger emission (brighter image) than the other part. This result is consistent with what 
was shown in Figure 4.5.  
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Figure 4.6: (a) Mask pattern designed for periodic arrays of holes (length: 20 µm, width: 105 µm, 
hole: 5 x 5 µm2. (b) SEM image of holey QW tube array on a GaAs substrate. (c) SEM image 
after holey QW tubes were transferred onto a sapphire substrate. (d) Monochromatic cathodo-
luminescence (CL) image of red box in (c). (e) Zoomed-in SEM image of yellow box in (c). (f) 
Monochromatic CL image, corresponding to SEM image in (e). The central wavelength was 820 
nm for monochromatic CL image.       
 
To compare PL intensity between the three different types of QW tube discussed above, 
they are fabricated from the same sized rectangular sheet as the same epitaxial structure 
(In0.3Ga0.7As/Al0.33Ga0.67As/GaAs QW/Al0.33Ga0.67As/GaAs capping layer), except the planar 
sheets of thin films have no InGaAs strained layer, as shown in Figure 4.5. As shown in Figure 
4.7a, PL was enhanced after the strained continuous film rolled up, and the biggest enhancement 
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has been observed for the holey QW tubes (by a factor of ~3). The intensity enhancement 
observed here is consistent with other reports for rolled-up quantum dot and QW tubes and other 
curved/wrinkled structures [52-54]. It is worth noting that the holey tubes do lead to a clear 
intensity enhancement even if they have loss of active gain materials due to structural voids. 
From planar films, rolled-up tubes with continuous films, and to rolled-up tubes with air holes, 
more air-semiconductor interfaces and a higher index contrast are created, which leads to better 
optical confinement and higher light extraction efficiency and thus stronger PL intensity. Shown 
in Figure 4.7b is room temperature micro-PL mapping at 826 nm wavelength of a single tube 
that is 25 µm long and 3 µm in diameter. Monochromatic intensity mapping was carried out by a 
Renishaw Raman instrument with 632.3 nm He:Ne laser where the emission from the QW tube 
was collected at the same 100x objective lens. It was clearly observed that the emission from the 
ends of the QW micro-tubes shows stronger intensity compared to the center part of the tubes. 
The color in the legend indicates the extent of intensity, starting from black (very week) to red 
(very strong). 
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Figure 4.7: (a) PL spectra from three different types of QW tubes as labeled with the 
corresponding SEM images, demonstrating the intensity enhancement as a result of rolling up 
and further addition of air holes (PL was taken at room temperature). (b) Room temperature 
micro-PL intensity mapping at 826 nm of a single tube which is 25 µm long and 3 µm in 
diameter (inset: white light image under 100x objective lens), demonstrating the intensity 
enhancement at the end of the tube compared to the center region. 
        
4.2.3 PL shift as a function of tube curvature 
One of unique properties of the rolled-up tubes is the variation of stress, depending on the 
position in the tube wall. The Schematic illustration in Figure 4.8 shows the stress gradient along 
the z direction, according to the different stage of rolling. Before the strained membrane structure 
(Figure 4.8a) is rolled up, only the InxGa1-xAs layer suffers from biaxial compressive strain in the 
epitaxial stack (Figure 4.8b) because the lattice constants of the other layers (GaAs/AlGaAs) 
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match that of a GaAs substrate. If we assume that the rolling behavior does not occur once the 
strained film is fully released from a substrate, the layers above the InxGa1-xAs layer must suffer 
from the biaxial tensile strain (Figure 4.8c). However, once the strained film is released from the 
substrate, it starts to roll up to minimize the accommodated strained energy in the system, driven 
by the uniaxial strain in the tube tangential direction which induces the stress along the z 
direction (Figure 4.8d). The rolling action redistributes the strain by partially relaxing the 
compressive strain in the InxGa1-xAs layer and inducing tensile strain at the interface between 
InxGa1-xAs and the stack on top. As a result, the stress gradient is induced in the tube wall along 
the radial direction, and therefore the different positions experience different types or different 
amounts of stress. For example, the layer right above InxGa1-xAs experiences tensile stress while 
the top layer suffers from compressive stress (note that stress (σ) is linearly proportional to strain 
(δ) with Young’s modulus (E)). Also, it is worth pointing out that there is the neutral position 
which has no stress in the wall due to the compensation of the opposite stress, as indicated in 
Figure 4.8. It is normally considered to be located at the middle of the stack. The compressive 
strain is thus induced for the layers above the neutral position while layers below the neutral 
position experience tensile strain.        
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Figure 4.8: (a) Schematic illustration of the layer stack for QW tubes and the strain along the z 
direction in the tube wall before rolling (b), after released without rolling action (d), and after 
being rolled up (d). 
 
Strain has an effect on the valence band and conduction bands in the tube. In order to 
investigate the strain effect on band edge shift in the QW tube, the change in emission energy as 
a function of tube curvature has been examined using the different diameters of the tubes. As 
shown in Figure 4.9a, one planar strained membrane with no InxGa1-xAs layer and three 
different-sized tubes (3 µm, 4 µm, 9 µm) were fabricated using the same stack of Al0.33Ga0.67As 
(10 nm)/GaAs (5 nm)/Al0.33Ga0.67As (10 nm)/GaAs (5 nm). Different curvatures were produced 
by adjusting the Indium (In) composition of the strained InxGa1-xAs layer (8 nm). In composition 
(x) for 3 µm-, 4 µm-, and 9 µm- QW tubes are 0.3, 0.2 and 0.1, respectively. The PL spectrum 
was taken using the PL system described in section 4.2.1, using a 532 nm Nd:YAG laser as an 
excitation source. All tubes were transferred onto a sapphire substrate to remove absorption from 
the substrate before PL measurement.  
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Figure 4.9: (a) SEM image of four different sizes of tube diameter (planar film, 3 µm, 4 µm, 9 
µm). (b) Normalized PL spectra for a series of tubes with diameters (D) as indicated, showing a 
clear red shift as the tube diameter becomes smaller. (c) A plot of PL peak shift (meV, right y 
axis) and position (nm, left y axis) as a function of tube curvature (1/D, bottom x axis) and 
diameter (D, top x axis). The data points are experimental results obtained from spectra in (b) 
and the line is calculated using the strain theory. 
 
(b) (c)
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The PL spectrum was normalized to compare the peak position with respect to the tube 
curvature. It can be clearly seen from Figure 4.9b that PL peak shifted toward longer wavelength 
from 817 nm (planar film), 819 nm (9 µm-tube), 824 nm (4 µm-tubes) to 826 nm (3 µm tubs) as 
the tube diameter become smaller, which means that more tensile strain was applied to the GaAs 
QW with shrinking tube diameter. Figure 4.9c shows a plot of PL peak shift (meV, right y axis) 
and position (nm, left y axis) as a function of curvature (1/D, bottom x axis) and diameter (D, top 
x axis). Experimental results (dot points) were compared with theoretical calculations (line) 
using strain theory and showed good agreement. 
The energy band-gap (Eg) shift due to strain between conduction band and valence band is 
calculated by k⋅p perturbation theory [55]. Assuming uniaxial stress, strain-induced Eg shift, 
δEg,LH, and δEg,HH for light- and heavy-hole (LH and HH) are given by  
δE୥,ୌୌ ൌ δEୌ െ δEୱ 2ൗ  
δE୥,୐ୌ ൌ δEୌ ൅ δEୱ 2ൗ ൅ ሺδEୱሻ
ଶ
2ሺ∆଴ሻ൘  
(4.1)
(4.2)
where ∆0 is the spin-orbit splitting energy and δEH and δEs are given by    
δEୌ ൌ aሺSଵଵ ൅ 2SଵଶሻεE 
δEୗ ൌ 2bሺSଵଵ െ 2SଵଶሻεE 
(4.3)
(4.4)
where a and b are hydrostatic deformation potential and sear deformation potential, respectively 
and  S11 and S12 are the elastic compliance constants. E is Young’s modulus and ε is internal 
strain.  
For GaAs, a, b, S11, and S12 are -0.9 eV, -1.7 eV, 1.17 x 10-12 cm2/dyn, and -0.37 x 10-
12cm2/dyn, respectively [56, 57]. After plugging these constants into Equation (4.3) and (4.4), 
δEg,LH and δEg,HH in Equation (4.1) and (4.2) are expressed by 
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δE୥,ୌୌ ൌ െ7.72ε 
δE୥,୐ୌ ൌ െ1.23ε 
(4.5)
(4.6)
The internal strain (ε) after the formation of QW tubes along the direction of tube 
circumference is given by Matthews and Blackslee [43, 44] 
ε ൌ tଶtଵ ൅ tଶ • ε଴ ൤1 െ
6tଵ • x
ሺtଵ ൅ tଶሻଶ൨ (4.7)
where t1 is total thickness above the strained layer and t2 is the thickness of the strained layer. ε0 
is the lattice mismatch strain and  x is the distance between the QW position and the neutral 
plane where neutral plane position is the center of the film. The calculated strain (ε) for the GaAs 
QW in the structure of In0.3Ga0.7As (8 nm)/Al0.33Ga0.67As (10 nm)/GaAs (5 nm)/Al0.33Ga0.67As 
(10 nm)/GaAs (5 nm) shown in Figure 4.9a is 0.37% (tensile) where x is 1.5. After plugging this 
value in Equation (4.5), a band gap shift for heavy hole band is 26 meV. Shown in Figure 4.9c 
are the calculated band gap shifts as a result of strain for tubes with different curvatures and 
experimental PL peak shift; there is good agreement.    
In order to investigate the stress gradient along the radial direction (z direction) in the tube, 
two QWs (QW1 and QW2) were incorporated in the different positions in the stack of layers as 
shown in Figure 4.10. A 5 nm QW1 was placed below the neutral plane, which experiences no 
stress, and a 5 nm QW2 was placed above the neutral plane. The position of a neutral plane is 
defined in the middle of the stack as discussed, and therefore is 17.5 nm away from the 
In0.3Ga0.7As layer.  According to the positions of QWs in this structure, QW1 should experience 
the tensile stress and QW2 should experience the compressive stress after the strained membrane 
rolls up. The micro-PL measurement was carried out at 77 K using a Renishaw micro-PL 
instrument in order to study the PL shifts as a function of the QW position. A 632 nm He-Ne 
laser, 600 lines/mm grating, and the 50x objective lens which has a long focal length were used. 
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The excitation of QW tubes and the acquisition of PL from the tubes were performed thorough 
the same objective lens. The laser spot size using the 50x objective lens is below 1 µm, which 
enables us to measure a single tube. For low temperature measurement, liquid nitrogen (LN2) 
and a linkem stage were used.  
 
Figure 4.10: The schematic illustration of the double QWs tube structure and the stress gradient 
along the radial direction. QW1 experiences the tensile stress and QW2 experiences the 
compressive stress after the strained membrane rolls up. 
 
The planar films and tubes were prepared to compare PL peak shifts. As shown in Figure 
4.10, the layer stack of tubes consists of In0.3Ga0.7As (10 nm)/Al0.3Ga0.7As (10 nm)/GaAs QW (5 
nm)/Al0.3Ga0.7As (10 nm)/GaAs QW (5 nm)/Al0.3Ga0.7As (10 nm)/GaAs cap (5 nm) and the 
planar film has the same stack as the tubes but it does not have the In0.3Ga0.7As layer. Shown in 
Figure 4.11 is the PL result which was measured at 77 K. The planar film shows only one single 
peak (red curve) at 777 nm even if it has QW1 and QW2 in different positions, which means that 
two QWs in different positions experience no stress. In contrast, the tube shows two different 
peaks (black curve) at 775 nm and 785 nm. The 775 nm peak was red-shifted from 777 nm due 
to the tensile stress which QW1 should experience in the tube wall, and the 785 nm peak was 
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blue-shifted from 777nm due to compressive stress. As a result, the PL peak can be engineered 
by placing the QW in different positions in the tube wall.       
 
 
Figure 4.11: The micro-PL result which was measured at 77 K. 
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CHAPTER 5 - DIFFERENT TYPES OF TUBES 
5.1 Metal/semiconductor hybrid tubes 
The scrolling behavior of the strained membrane when it is freed from the substrate makes it 
act as the rolling vehicle to form other types of 3D tubular structures. Metal, polymer, oxide, or 
other material can be readily deposited on top of the strained membrane, and they roll up with 
the strained membrane template when it released from the substrate. Taking advantage of “top-
down” and “bottom-up” approaches for SNT fabrication, different types of precisely controlled 
tubes can be formed with different functionalities on the surface. 
     
   
Figure 5.1: Schematic illustration of fabrication process of metal/semiconductor tubes. 
Figure 5.1 shows the schematic illustration of the fabrication process for metal/ 
semiconductor tubes using the GaAs/InGaAs strained bilayer. After growth of the epitaxial 
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bilayer structure (In0.3Ga0.7As/GaAs), negative patterning is carried out using AZ-5214 where the 
exposed areas are developed in AZ-327 developer (Figure 5.1b).  The sample is then moved to 
the evaporator to deposit metal in high vacuum (5 x 10-7 torr) using e-beam evaporation (Figure 
5.1c). The lift-off process is performed to remove PR (Figure 5.1d). The metal pattern is then 
transferred down to the sacrificial layer using an etching solution of H2SO4:H2O2:H2O=1:8:80 for 
15 s, followed by lateral etching of a sacrificial layer using HF solution (HF:DI=1:5). Metal is 
not only used to functionalize the inner surface of a tube, but also works as the etching mask for 
the definition of tube patterns. It is important to deposit metal thick enough to form a continuous 
film so that it can act as a mask to protect the desired pattern against an etching solution. Figure 
5.2 shows the problem when thin metal is deposited as a mask. One nm-thick Ti was deposited, 
followed by deposition of 1 nm-thick Au. After etching of a sacrificial layer with HF, many pin 
holes were observed, resulting in failure of the formation of tubes.  
   
Figure 5.2: SEM images of bilayer/metal stack after lateral etching of a sacrificial layer.  
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Any metal can be used for the formation of metal/semiconductor tubes, provided the target 
metals resist against the sacrificial etching solution. Also, noble metals such as Au and Pt usually 
have bad adhesion on the oxide or semiconductor, so that the adhesion layer needs to be pre-
deposited for use of the noble metals.  For example, Ni and Ag cannot be used for the 
metal/semiconductor tube process which uses HF solution for the lateral etching. Thin Ti or Cr 
(~3 nm) is used as the adhesion layer for a Au layer. As discussed in Chapter 3, thickness of a 
bilayer is the critical factor to determine the tube diameter so that thickness of metal affects the 
tube diameter as well. The diameter of metal/semiconductor tubes increases with thickness of 
metal, and the strained bilayer cannot roll up above a certain thickness of metal.    
Several different types of metal/SNTs have been fabricated using different metals, and 
Figure 5.3 shows Pt (3.8 nm)/Ti (2.1 nm)/SNTs and Cr (5 nm)/SNTs. All metals were deposited 
using a high-vacuum CHA e-beam evaporator, and thickness was controlled using a thickness 
crystal monitor. Ti was used for an adhesion layer for Pt. The Pt layer was lifted off during the 
etching process without Ti.  
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Figure 5.3: SEM images of Pt (3.8 nm)/Ti (2.1 nm)/semiconductor tubes (a) and Cr (5 nm)/ 
semiconductor tubes (b); tube diameter is about 1 µm for both. 
 
Micro- and nanoparticles are widely used in biomedical science and biotechnology as 
vehicles for enzyme encapsulation [58], DNA tansfection [59], biosensors [60], and drug 
delivery [61]. Spherical nanoparticles are typically used for such applications since spheres are 
easier to make than other shapes. Micro- and nanotube structures can be alternatives to spherical 
nanoparticles. Micro/nanotubes offer some interesting advantages over spherical nanoparticles 
for biological application. There are several unique properties of nanotubes. They have large 
inner volume relative to the dimensions of tubes, which can be filled with any desired chemical 
and biomaterial. In addition, nanotubes have inner and outer surfaces, which can be differentially 
functionalized using different biochemical species. Finally, nanotubes have open mouths, which 
make the inner surface readily accessible by target species.  
Outer surfaces of tubes can be easily functionalized by deposit of a metal different from that 
of the inside tube wall after the formation of metal/semiconductor tubes. After Cr/GaAs/InGaAs 
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tubes were fabricated (Figure 5.4a), the outer surfaces of tubes were coated by 5 nm-thick Au 
using the e-beam evaporator for the DNA sensor application. Thiolated DNA can be 
immobilized only in the outer surface and the inner surface can be filled with other desired 
chemical species.           
 
Figure 5.4: SEM image of Cr/GaAs/InGaAs tubes where the inner surface is Cr (a), schematic 
illustration of functionalizing outer surface by metal deposition (b), SEM image of 
Cr/GaAs/InGaAs/Au tube after Au deposit (c), and zoomed-in image where metal boundary is 
observed due to thin Au coating (d). 
  
Also, the surface plasmon enhancement technique, which is widely used for light emitting 
diodes [62, 63] and solar cells [64], could be applied for the tube structure in order to enhance 
the PL intensity. As shown in Figure 5.5, the Au grating QW structure using the stack of 
AlGaAs/GaAs QW layers has been demonstrated, and the PL spectrum at 77 K has been studied 
[63]. The surface plasmon (SP) is the wave that propagates along the interface between a 
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conductor (usually metal) and dielectric material and the surface plasmon polarition (SPP) is the 
change in fluctuation of the oscillation of the SP which is accompanied by fluctuation of 
electromagnetic field. The SPP should be localized at the metal/dielectric interface and 
exponentially decays with distance from the metal surface. Therefore, only electron-hole pairs   
   
Figure 5.5: The schematic of the Au grating QW structure and spectrum of emitted luminescence 
at T = 77 K with and without a 15 nm Au grating [63].  
 
located within the near-field of the surface can coupled to the SPP mode. By placing a QW near 
the metal grating surface, the SPP-QW coupling can be induced, resulting in the PL enhancement. 
As shown in the spectrum in Figure 5.5, The PL from the QW with Au grating was much 
stronger than that of the QW without gold grating. In order to see PL enhancement using metal 
grating, it is important to match the SP frequencies to the PL from the QW. That is the key factor 
for the SPP-QW coupling. The nano-grating structure can modify the SP frequencies and bring 
the good coupling condition between the SP at the metal/dielectric interface and QW emission 
[62]. As a result, we can realize the metal grating tubes by placing metal grating on top of the 
planar strained membrane, and then rolling up the planar strained membrane with the metal 
grating. Figure 5.6 shows the schematic design of Au grating tubes. By changing the widths and 
periods of the Au nano-grating structure, it is possible to engineer Au SP frequency to match the 
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wavelength of GaAs QW. After realizing Au grating tubes, those tubes could be applied for 
DNA sensing with high sensing resolution. 
 
Figure 5.6: The schematic design of Au grating tubes.  
5.2 Silicon nitride tubes 
Several different types of tubes using SiOx/Si [65], SiOx/SiO2 [66], and strained polymer 
bilayers [67] have been demonstrated. We have developed a new type of micro/nanotubes using 
strained silicon nitride (SiNx) films on a Si substrate. Two opposite types of stress, tensile and 
compressive stress, can be produced in the films, depending on the operating plasma frequency 
during the deposition in a PECVD system. Taking advantage of this technique, the strained 
silicon nitride bilayer films can be produced in a controlled manner. Controlling the condition of 
plasma frequency allows tailoring of an amount of stress in the film. There are several 
advantages of silicon nitride tubes. This technique is widely commercially available and 
compatible with the conventional microelectronic process using Si. Also, it is a relatively 
inexpensive process, compared to the fabrication of III-V semiconductor nanotubes using a 
GaAs substrate. In addition, characteristics of the tunable refractive index between compressive 
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and tensile stressed films and transparency in the visible wavelength range are attractive for 
opotoelectronic device application.   
5.2.1 Fabrication process for silicon nitride tubes 
Figure 5.7 shows the process flow for the fabrication of SiNx tubes. First, a Si wafer is 
decontaminated using the degrease process using acetone, methanol, and IPA, followed by 
removing a native SiO2 using HF (HF:DI=1:2). Silicon nitride is deposited using a STS mixed-
frequency nitride PECVD system. This system operates with dual frequency: high frequency (HF) 
at 13.56 MHz and low frequency (LF) at 380 KHz. The compressive stressed SiNx film is 
produced under the low frequency (LF) and -1167.75 MPa are accommodated in the film. On the 
other hand, tensile stressed SiNx film is produced at high frequency (HF) and 406.95 MPa stress 
is built in to the film. SiH4 and NH3 are source gases for a SiNx film and 40.0 sccm and 55.0 
sccm are gas flows for SiH4 and NH3. The temperatures for platen (lower electrode) and 
showerhead (upper electrode) are 300 °C and 240 °C, respectively, and working pressure and 
nitrogen flow are 900 mTorr and 1960 sccm, respectively.  
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Figure 5.7: Schematic illustration of process flow of the fabrication of silicon nitride tubes. 
After depositing the strained SiNx bilayer film under the low and high frequency, 
photolithography is carried out using a Karl Suss contact aligner, followed by dry etching 
through SiNx bilayer using Freon (CF4) reactive ion etching (RIE). Once the PR patterns are 
transferred down to SiNx films, PR is removed in acetone. Lateral etching is then carried out 
using 45% KOH etching solution at 47 °C. In this experiment, (100) Si substrate was used for the 
sacrificial layer and other orientation substrates can be used such as (111) and (110) substrates 
which will be demonstrated later.  Using KOH etching, the anisotropic Si etching occurs due to 
the different etch rate for different crystal orientations of Si.  The (110) plane is a faster etching 
primary surface than the (100) and (111) surfaces because the (110) surface has a less dense and 
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more corrugated atomic structure. The (111) is the extremely slow etching plane because it is 
tightly packed and has a single dangling bond per atom which means it is overall atomically flat. 
The etch rate for a (100) Si substrate using 45% KOH etching solution at 45 °C is 166 nm/min. 
As a result, the strained SiNx bilayer film is released simultaneously when a Si substrate is 
etched away in KOH solution. The SEM image shown in Figure 5.8 is the KOH etching result on 
a (100) Si substrate. The pyramid shape of etching is clearly observed as a result of anisotropic 
etching using a KOH solution. 
  
Figure 5.8:  SEM image of anisotropic etching on (100) Si substrate using 45% KOH etching 
solution.    
 
5.2.2 Different diameter sizes of tubes 
Tubes of different diameters were fabricated by varying the thickness of a SiNx bilayer, as 
shown in Figure 5.9. Tube diameter increased with thickness of the film. In Figure 5.9a and b, 
3.8 µm-diamter tubes and 4.37 µm-diamter tubes are produced using 20 nm LF/ 20 nm HF (top) 
and 50 nm LF/ 20nm HF (top) bilayer SiNx film, respectively. As shown in Figure 5.9c, bilayer 
films just curled up due to a smaller dimension of the membrane than the circumference of the 
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produced tubes, which consist of 200 nm-thick SiNx bilayers (150 nm LF/50 nm HF (top)). Tube 
diameter seems to be larger than 10 µm. 
 
Figure 5.9: SEM images of tubes of different diameters. (a) 3.78 µm tubes (20 nm LF/20 nm HF 
(top) SiNx layers), (b) 4.37 µm tubes (50 nm LF/20 nm HF (top) SiNx layers), and (c) SiNx 
membrane which just curled up (150 nm LF/50 nm HF (top) SiNx layers). 
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Various tubes were fabricated and investigated by varying the thickness of SiNx bilayers. 
Tube diameters were plotted with respect to the thickness of the SiNx layers, which were grown 
at low frequency, and which is indicated as LF layer (Figure 5.10).  The thickness of the top SiNx 
layer (HF) was fixed at 20 nm. Diameter increases linearly with thickness of the LF SiNx layer. 
   
Figure 5.10: Plot of SiNx tube diameter with respect to thickness of LF layer. Thickness of the 
top HF layer was fixed at 20 nm. 
 
5.2.3 Effect of Si orientation on the arrays of tubes 
SiNx films deposited by PECVD do not have any specific crystal orientation dependence 
because the SiNx films are amorphous. However, rolling behavior of SiNx films depends on the 
etching plane of a Si substrate, which means that SiNx bilayer films start rolling along the fastest 
etching plane.  
SiNx tubes were produced using the (100) Si substrate, but it was not easy to fabricate the 
highly ordered array of SiNx tubes like the InGaAs/GaAs semiconductor tube, which was 
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demonstrated in Chapter 3. This is attributed to the long pedestal of Si. After 60 minutes of 
lateral KOH etching of Si to release the SiNx strained film, the Si pedestal is as tall as 20 µm 
(Figure 5.11). Once it is completely etched, tubes have a greater chance to flow around than sit 
and sick to the substrate through Van der Waals force. 
.       
Figure 5.11: SEM image of the height of the Si pedestal after 60 minutes of KOH etching of Si. 
The highly ordered array of SiNx tubes was demonstrated using a (111) Si substrate. A KOH 
etching rate for the (111) plane is extremely slow. After 60 minutes lateral KOH etching of Si, 
the height of the Si pedestal is just 20 nm. Most SiNx tubes stay on the substrate as positioned via 
lithography patterning after being fully released from the Si substrate. Before SiNx films are 
completely released from both of the (100) and (111) substrates, they maintain their array 
(Figure 5.12a and b). However, once they are released from the substrates, SiNx tubes from the 
(111) Si kept their ordered array while SiNx tubes from the (100) Si were completely disordered 
and randomly dispersed on the substrate (Figure 5.12c and d).     
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Figure 5.12: SEM images of ordered arrays of SiNx tubes with pedestal on the (100) Si (a) and 
the (111) Si (b), disordered and randomly dispersed SiNx tubes on the (100) Si (c) and ordered 
arrays of SiNx tubes on the (111) Si (d) after complete etching of pedestal.  
 
5.2.4 Formation of the SiNx/Cr hybrid tubes 
As discussed in Section 5.1, it is possible to produce oxide/metal hybrid tubes using SiNx 
film. Cr is tensile stressed when it is deposited on the oxide or semiconductor so that it can 
replace the HF SiNx layer or can be deposited on top of HF SiNx. Cr is deposited through the 
open window, which is defined by the negative photolithography, and then PR is removed in 
acetone. Cr serves as the hard mask for Freon (CH4) RIE to transfer the pattern down to the SiNx 
layer. As shown in Figure 5.13a and b, 2.5 µm-diameter and 1.5 µm-diameter SiNx/Cr tubes 
were fabricated using the stacks of 50 nm LF SiNx/5 nm Cr and 20 nm LF SiNx/5nm Cr bilayer 
films, respectively. Any metal can be used, provided it resists the KOH etching solution. 
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Figure 5.13: SEM images of arrays of LF SiNx/Cr hybrid tubes with 2.5 µm diameter (a) and 1.5 
µm diameter (b). Zoomed-in images are at right.  
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CHAPTER 6 - APPLICATIONS  
6.1 High density of CNT devices 
Carbon nanotubes (CNTs) have been widely studied for many applications such as transistor 
[68], sensors [69-70], logic gates [71], and radio-frequency oscillators [72] due to their unique 
electronic and mechanical properties, since they were first introduced by Iijima in 1991 [73]. 
In many applications, increasing the density of the aligned single-walled nanotubes (SWNTs) 
array has been of interest because it improves the properties of the devices that are formed with 
them. The density of SWNTs increases by simply increasing the catalyst particles in each of the 
catalyst lines. But this approach is effective only up to certain level because the growth tends to 
lead to bundles of SWNTs and multi-walled tubes. Recently, a new technique to improve the 
density of SWNTs by multiple and separate chemical vapor deposition (CVD) cycles on a single 
substrate has been demonstrated by S.W. Hong et al. [74]. They increased the SWNT density by 
a factor of four by performing the CVD growth twice using separate catalyst deposition.  
The SNT formation mechanism can be applied for improving the SWNT density, taking 
advantage of the dry transfer printing technique. 
6.1.1 The concept of improving the CNT density using SNTs 
One unique and attractive property of rolled-up SNTs is that their projected area can be 
much smaller than their planar counterparts after the multiple rolling. This unique property can 
be implemented to increase the density of CNTs. All work for this project was done in 
collaboration with Professor John A. Rogers’ group at the University of Illinois at Urbana-
Champaign.  
 Figure 6.1 shows the schematic of increasing CNT density using the SNT formation 
mechanism.         
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Figure 6.1: Schematic illustration of forming SNT/CNTs. 
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First, the aligned array of SWNTs is grown by CVD on quartz and then transferred onto the 
patterned strained membrane, which consists of the stack of In0.3Ga0.7As (6 nm)/GaAs (6 nm)/ Cr 
(5 nm) by PDMS stamping (Figure 6.1a). The strained membranes start rolling with SWNTs 
when they are released from a substrate by the etching of a sacrificial layer (Figure 6.1b). Every 
revolution increases the SWNT density by the factor of two. The numbers of revolutions of 
SNTs are predetermined by the design of the dimensions of the membrane (Figure 6.1c). After 
the rolling action is completed, SNTs are squeezed by applying pressure and then removed by a 
wet etching solution, leaving the high density of ordered arrays of SWNTs behind (Figure 6.1d). 
  6.1.2 Metal-based CNT transfer to GaAs  
  Figure 6.2 shows the transfer process of CNT to GaAs.    
 
 
Figure 6.2: Schematic of the transfer process using the metal deposition. Schematic courtesy of 
Ahmad Ehteshamul Islam of Professor John A. Rogers’ group at the University of Illinois at 
Urbana-Champaign.  
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After growth of aligned SWNTs on quartz, Au was deposited over the wafer. 
Photolithography and RIE was carried out to define the Au patches. Taking advantage of the 
poor adhesion of Au on quartz, the defined PR with Au patches was picked up using PDMS 
stamp and transferred onto the predefined strained membrane which consists of the stack of 
In0.3Ga0.7As (6 nm)/GaAs (6 nm)/Cr (5 nm) on the GaAs substrate. The PR was removed in 
acetone and then Au was etched using a Au etchant. Since a Au etchant attacks GaAs, Au 
etching was carried out for a short enough time to remove Au. After that, the multi-turned 
SNT/SWNT hybrid tubes were formed by the SNT formation process.     
Shown in Figure 6.3 are SEM images of the arrays of SNTs/SWNTs (top) and the zoomed-
in image (middle and bottom). Perfectly aligned SNTs/SWNTs were produced, but several 
problems were found. As shown in the zoomed-in SEM image in Figure 6.3, bundles of SWNTs 
and metal flakes need to be solved to realize the high density of arrays of SWNTs. It seems like 
Au metal flakes yield bundles of SWNT by the attraction between them. In order to remove Au 
metal flakes, Au needs to be completely removed by longer etching in the Au etchant, but it may 
not be applicable because the Au etchant attacks the strained membrane and GaAs substrate. 
Therefore, it is necessary to find an alternative to play the role of Au. Other noble metals such as 
Cu, which have worse adhesion on quartz and whose etchants are compatible with tube 
formation process, would be suitable alternatives.     
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Figure 6.3: SEM image of the arrays of SNTs/SWNTs (top) and zoomed-in image (middle and 
bottom).   
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  6.1.3 Polymer-based CNT transfer to GaAs  
In order to avoid bundles of SWNTs and metal flakes after the formation of SNTs/SWNTs, 
the polymer-based CNT transfer technique was developed by Professor John A. Rogers’ group, 
as shown in Figure 6.4.  
 
Figure 6.4: Schematic of the transfer process using polymer. Schematic courtesy of Ahmad 
Ehteshamul Islam in Professor John A. Rogers’ group.  
 
Thick polymer was coated over the sample after SWNTs were grown. After the designed 
patterns were defined through the photolithography and RIE, they were picked up using 
commercial thermal releasing tape. The stacks of SWNT/polymer/thermal tape were transferred 
onto the strained membrane which was coated with self-assembled monolayer (SAM) to make 
the surface hydrophilic. Thermal tape was then removed by heating a sample. Polymer and SAM 
were removed by DI water and heat treatment, respectively.  
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Shown in Figure 6.5 are the SEM images after the formation of SNTs/SWNTs using metal 
and polymer. The metal flakes and SWNT bundling were clearly observed in the SNT/SWNT 
tubes, which were fabricated using metal deposition for transfer, as shown in Figure 6.5a; 
SWNTs were nicely suspended with negligible bundling and no flakes were observed in Figure 
6.5b. As a result, the high density of aligned arrays of SWNTs can be realized by the formation 
of SNT/SWNT hybrid tubes, taking advantage of the polymer-based transfer technique. After the 
formation of SNT/SWNT hybrid tubes, they will be squeezed by applying pressure, and then the 
SNTs will be removed by the etching solution (1:8:80=S2SO4:H2O2: DI)        
 
Figure 6.5: SEM images of SNT/SWNT hybrid tubes which were fabricated using metal 
deposition (a) and polymer (b). 
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6.2 Micro/Nanotubes for the fluidic channels 
Micro- and nanofluidic devices have been studied over the past decades for a variety of 
applications such as flow sensors [75], biosensors [76], DNA analysis [77], and micro- and total- 
analysis systems [78]. Conventional photolithography, and dry and wet etching techniques have 
been utilized for the fabrication of microfluidic devices. However, the nanoscale fluidic channel 
and round channel are difficult to realize with these techniques. In addition, smooth channel 
walls, which may not be easily achieved by the convential microprocess techniques, become 
increasingly important as the channel size is decreased and the surface-to-volume ratio increases, 
resulting in increasing surface effects [79, 80].   
Three-dimensional rolled-up SNTs can be integrated into micro/nanofluidic channel devices 
[66, 67]. The tube surfaces are atomically smooth due to their formation from epitaxial layers. 
Also, the channel diameters and diameter-to-length aspect ratio can be readily scaled by varying 
the growth design and dimensions of the strained membrane, and the tube channel can be 
precisely positioned on the substrate, taking advantage of the “top-down” method. 
The PECVD deposited SiO2 was used to fabricate micro/nanofluidic channels. Highly 
ordered arrays of rolled-up micro/nanotubes were created by the selective release of the 
In0.3Ga0.7As (6 nm)/GaAs (6 nm) strained bilayer from a GaAs substrate (Figure 6.6a). After 
SNT formation, 1.5 µm thick SiO2 was deposited over the arrays of SNTs at 300 °C by PECVD 
(Figure 6.6b). The entrances of the channels are defined by removing SiO2 at both ends of the 
tubes. Here, the sample was cleaved to check the cross section and diameter of channels, and it 
was proved that the round 600 nm diameter nanochannels were successfully fabricated (Figure 
6.6c). 
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Figure 6.6: SEM images of highly ordered arrays of SNTs (a), PECVD deposited SiO2 over the 
SNTs array (b), and cross section of nanochannel, showing its dimension (600 nm in diameter) 
(c). 
 
SU-8, a negative photoresist, can be utilized in the fabrication of fluidic devices instead of 
SiO2. After the formation of SNTs, photolithography was carried out. Figure 6.7 shows the 
process flow of photolithography using SU-8 photoresist. SU-8 2002 was spincoated over the 
wafer at 3000 rpm for 30 s and edge beads were then removed using a razor. Soft bake was 
carried out at 95 °C for 1 minute, followed by exposure to UV for 15 seconds using a Karl Suss 
contact aligner. Post-bake was carried out for 1 minute at 95 °C for the cross-linking of the 
photoresist, and the sample was developed for 30 seconds in SU-8 developer. After rinsing and 
drying a sample, hard bake (so-called curing) was carried out for 30 minutes at 270 °C.    
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Figure 6.7: The process flow of photolithography using SU-8 photoresist. 
Shown in Figure 6.8b and c are SEM images of arrays of SNT nanofluidic channels defined 
by SU-8, and a zoomed-in single channel.  
 
 
 
 
 
 
 
Spincoating at 3000 rpm for 30 s. 
For 30 sec with SU- 8 developer 
15 sec 
For 1 min at 95 ºC 
For 1 min at 95 ºC 
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Figure 6.8: SEM images of highly order arrays of SNTs (a), arrays of SNTs nanochannels 
defined by SU-8 (b), and a zoomed-in single channel (c).
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CHAPTER 7 - SUMMARY AND FUTURE 
Strain-induced self-rolled-up semiconductor micro/nanotubes present a new class of 
building blocks of three-dimensional nanotechnology. In this work, we have demonstrated the 
formation method, process and dependence on crystal orientation, and strain direction of rolled-
up semiconductor tubes. The geometry effect on the strain-driven deformation behavior of the 
mismatched epitaxial InxGa1-xAs/GaAs membranes has also been systematically studied with the 
rectangular geometry both experimentally and using FEM simulation. We found that the final 
rolling direction depends on the length and width of the membranes as well as the diameter of 
the rolled-up tubes. It was proved that the energetic of the final state, the history of the rolling 
process, and the kinetic control of the etching isotropy are all contributing factors to the rolling 
behavior. The revelation of these governing mechanisms as well as the guidelines provided in 
our results should have significant impact on the precise control of tubular and curved 
semiconductor nanostructures for better application in MEMS/NEMS and nanophotonics. 
In addition, GaAs QWs have been embedded in the tube wall as the optical gain medium 
and the optical properties have been studied using a photoluminescence (PL) measurement 
system. Rolled-up tubular structures showed enhanced luminescence intensity due to better 
optical confinement, and peak positions can be continuously tuned as a function of tube 
curvature due to strain-induced bandgap change. By engineering the tube geometry for better 
optical confinement, optical resonant modes in the microtube ring cavity can be produced; and 
InAs QDs tube laser has been already demonstrated [18]. For future work, the DBR structure can 
be introduced to the top surface of the tube structure to realize the single-mode laser or optical 
filter, using e-beam lithography. Since the resolution of e-beam lithography for the line 
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patterning is around 100 nm, it is necessary to adjust the PL wavelength from the optical active 
medium to fit it to the resolution of e-beam lithography.  
 Metal/semiconductor, silicon nitride, and metal/silicon nitride tubes have been 
demonstrated. These tubes can be implemented for a variety of applications and utilized for 
different purposes. Also, metal grating tubes can be realized by depositing the metal grating on 
the top of the planar strained membrane and then rolling up the planar strained membrane with 
the metal grating. By choosing the right metal (i.e., Au for GaAs QW) and adjusting the period 
of the metal grating to engineer the SP frequency to match the wavelength of the GaAs QW, it is 
possible to achieve PL enhancement due to coupling between the SPP at the metal/dielectric 
interface and PL from QW. Once the metal grating tubes are achieved, they can be applied for 
the DNA sensing with high resolution.    
Also, the preliminary results of SNT application for high density ordered arrays of SWNT 
and micro/nanofluidic channels have been demonstrated. The strained membranes can serve as 
vehicles to roll up other unstrained film or objects.  
Unique properties of strain-induced self-rolled-up semiconductor micro/nanotubes - their 
high controllability of tube arrays, diameters, and wall thickness; their epitaxially smooth surface; 
and capability to embed active optical media and act as rolling templates - give them great 
potential for MEMS/NEMS applications, biosensors, optical microdevices, and high-density 
CNT devices. Although many challenges still remain regarding electrical injection and 
integration with silicon IC, this new platform of a curved and optically active surface is full of 
potential for new fundamental physics as well as practical application.   
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